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Abstract
Vertically integrated budget equations of the total atmospheric energy, particularly the horizon-
tal energy flux divergence, are a powerful tool for climate diagnostics. Using reanalysis data, the
horizontal energy flux divergence can be computed in two ways. The direct method computes
it directly from the temperature, moisture, pressure and velocity field. This is a simple method
but the results are not very useful because of mass inconsistencies of the prediction model and
the coarse time resolution. Mass inconsistency can be seen from averaging the pressure ten-
dencies of the first forecast step over a longer period of time. The result is nonzero, which in
consequence leads to spurious energy flux divergences too. The mass inconsistencies can be
removed with the help of the analysed pressure field.
The indirect method computes the energy flux divergence as residual from the 12-hourly
forecasts of the energy tendency, RadTOA and Fs, which leads to much smoother fields, as
vertical fluxes are accumulated at full temporal resolution. This method also suffers from
spurious pressure tendencies, but these can again be corrected with the help of the analysed
pressure field. With this method the computed field of energy flux divergences becomes very
realistic and shows important climatological features such as regions with strong energy flux
divergence over warm ocean currents.
In the next step, we use the fact that only the purely divergent part of the meridional energy
flux leads to a net energy transport towards the Earth’s poles. So for the computation of the
net meridional energy flux only the field of energy flux divergences is needed. Using spherical
harmonics and by zonal averaging we get corrected and uncorrected meridional energy fluxes at
every latitude.
Considering several physical constraints we try to find the method leading to the most reliable
results. With the availability of the European Re-Analysis-Interim (ERA-Interim) data from
1989-2009 a long-term study is performed in order to get insight into long-time tendencies
in energy fluxes and the hydrological cycle. Time series of moist and dry energy fluxes are
particularly interesting because evaluation of the IPCC-AR4 (International Panel on Climate
Change - 4th Assessment Report) models indicates that the meridional energy fluxes will increase
significantly in future due to global warming. It shall be investigated, if such an increase is
already detectable in the period covered by ERA-Interim. Furthermore a comparison of ERA-
Interim and ERA-40 (European 40 years Re-Analysis) is carried out to show the improvements
of the newer reanalysis.
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Zusammenfassung
Vertikal integrierte Haushaltsgleichungen des totalen atmosphärischen Energiegehalts, insbeson-
dere die horizontale Energieflussdivergenz, sind ein wertvolles Mittel zur Klimadiagnostik. Unter
der Verwendung von Reanalysedaten kann die horizontale Energieflussdivergenz auf zwei ver-
schiedene Arten berechnet werden. Die direkte Methode berechnet sie aus den Feldern von
Temperatur, Feuchte, Druck und Wind. Dies ist ein intuitiver Ansatz, leidet aber unter relativ
geringer zeitlicher Auflösung und Problemen des Vorhersagemodells mit der Massenkonsistenz.
Zeitlich gemittelte Felder von Bodendruckvorhersagen zeigen diese Unzulänglichkeit deutlich,
da die lokalen Drucktendenzen nicht verschwinden. Diese fehlerhaften Massenflussdivergenzen
beeinflussen auch die Energieflussdivergenzen. Die analysierte Bodendrucktendenz kann zur
Korrektur der fehlerhaften Vergenzen verwendet werden.
Die indirekte Methode berechnet die Energieflussdivergenzen als Residual aus den zwölfstündi-
gen Vorhersagen für die Strahlung am Oberrand der Atmosphäre, die Bodenflüsse und die ver-
tikal integrierte Energietendenz. Diese Methode führt zu einem wesentlich weniger verrauschten
Ergebnis, da die vertikalen Flüsse als zeitlich akkumulierte Felder vorliegen. Auch die indirekte
Methode ist von fehlerhaften Drucktendenzen betroffen. Die Ergebnisse können wieder mit Hilfe
der analysierten Bodendrucktendenz korrigiert werden. Die berechneten Energieflussdivergen-
zen zeigen ein sehr realistisches Bild und weisen wichtige klimatologische Charakteristika - wie
zum Beispiel Gebiete mit starker Energieflussdivergenz über warmen Meeresströmungen - auf.
Im nächsten Schritt nutzen wir die Tatsache, dass der rein divergente Anteil des Energieflusses
bereits den gesamten effektiven polwärtigen Energietransport darstellt. Deshalb genügt für die
Berechnung der Nettoenergieflüsse bereits das Feld der Energieflussdivergenzen. Unter Ver-
wendung der Kugelflächenfunktionen und nach zonaler Integration erhält man korrigierte und
unkorrigierte meridionale Energieflüsse über jeden beliebigen Breitenkreis.
Durch Überprüfung der Ergebnisse anhand klimatologischer Konsistenzüberlegungen wird
versucht, die zu den vertrauenswürdigsten Resultaten führende Methode zu finden. Mit Daten
von ’European Re-Analysis-Interim’ (ERA-Interim), aktuell verfügbar von 1989 bis 2009, wird
eine Langzeitstudie des Energie- und Feuchtehaushaltes durchgeführt. Zeitreihen der feuchten
und trockenen Energieflüsse sind insbesondere deshalb interessant, da eine Untersuchung der
für den vierten Bericht des IPCC (International Panel on Climate Change - 4th Assessment Re-
port) verwendeten Klimamodelle ergab, dass meridionale Energieflüsse durch die global Erder-
wärmung einen signifikanten Anstieg erfahren werden. Es soll untersucht werden, ob ein de-
rartiger Anstieg bereits in der von ERA-Interim abgedeckten Periode erkennbar ist. Weiters
sollen ERA-Interim und ERA-40 (European 40 years Re-Analysis) verglichen werden, um die
Verbesserungen der neueren Reanalyse deutlich zu machen.
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1 Introduction
The Earth and its enveloping atmosphere can be seen as a closed physical system in terms of
mass exchange as it has clearly defined boundaries in space, which do not allow any mass flux,
and its state can be determined by measuring a certain amount of state quantities (e.g. temper-
ature). The climate system is typically divided into five subsystems: atmosphere, hydrosphere,
cryosphere, biosphere and the continents. These five parts of the system exchange mass, radia-
tion and energy permanently and in this way influence each other (Chiodo, 2008). The Earth’s
weather and as a result its climate are driven by its only external forcing, the incoming solar
radiation and its uneven distribution. Due to the spherical geometry, the elliptical orbit about
the sun and the land-sea distribution of the planet the heating is not uniform, but differential.
Incoming solar radiation can be absorbed by the atmosphere (extinction) or by the surface. A
great portion of the incoming short wave radiation is reflected at the surface or from clouds and
immediately radiated back into space. The global albedo α is defined as the ratio of reflected to
incoming solar radiation (α = RadSW ↑RadSW ↓). This means that not the whole incoming solar radiation
is useable for driving the atmospheric circulation. As α varies with a yearly cycle and over the
years (e.g. due to changes in the ice coverage at the poles), it cannot be definitely determined.
Up-to-date estimates provided by Trenberth et al. (2009) are 341.3 Wm-2 for the incoming solar
radiation at the top of the atmosphere (TOA) and 29.8% for the global albedo.
The absorbed short wave radiation is transformed into various forms of energy mainly directly
at the surface. In a first step it is transformed into sensible heat HS , later into latent heat HL,
kinetic energy HK and potential energy Φ. These are the four forms of energy, which are usu-
ally taken into account in energy budget evaluations. HS is mainly created from absorption
of radiation or dissipation. HL arises from evaporation processes at the surface. HK develops
from the uneven pressure and thus geopotential (Φ) distribution. The exchange between avail-
able potential energy (APE) and kinetic energy is described by Lorenz’s energy cycle (detailed
description in Lorenz (1967)). The four kinds of atmospheric energy can be transformed again,
for example from HL to HS by condensation, and transported away from their origin. Fig. 1.1
shows an update of the classic picture by Peixoto and Oort based on data from March 2000 to
May 2004. We can see the large turbulent vertical energy transports (latent heat flux LH and
sensible heat flux SH), which are substantial for maintaining the energy balance. The figure
also shows the high importance of the natural greenhouse effect. In our calculations we will
take the presented values as reference to check them for credibility.
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Figure 1.1: Up-to-date estimate of vertical atmospheric energy fluxes (Trenberth et al., 2009).
As the net radiation at TOA is positive in the Tropics and negative at mid- and high latitudes,
this meridional transport is necessary to maintain a balanced climate system, which is defined
by vanishing net radiation at TOA in the global mean. This means that the amount of absorbed
short wave radiation (ASR) is nearly compensated by the outgoing long wave radiation (OLR)
in the yearly average. So all energy which is gained by ASR has to be radiated back to space in
form of long wave radiation. A net gain of radiative energy at TOA is referred to as radiative
forcing. The net meridional energy transport, which is the main subject of investigation in
this thesis, is the sum of many atmospheric processes on very different scales in space and
time. Basically, there exist two kinds of thermal circulations. A circulation is called thermally
direct, when warm air rises and cold air sinks. For instance, this is the case in the Hadley
cell (named after the author of the classic paper, G. Hadley (1735)), where warm air rises at
the equator due to strong radiative heating and latent heat release . For reasons of continuity,
poleward transport of dry heat follows at high altitudes, sinking motion in the subtropics and
equatorward moist energy transport at low altitudes. A circulation with sinking warm and
rising cool air is called thermally indirect. The Ferrel cell in mid-latitudes, which is mainly
driven by poleward eddy heat flux in the lower troposphere and equatorward eddy momentum
flux in the higher troposphere (Holton, 2004) is an example. In sum, these processes lead to
a horizontal divergence of energy in the Tropics (as there exists an energy surplus) and to a
horizontal convergence in higher latitudes, where perpetual energy loss occurs.
The main task of this work is to calculate the horizontal energy flux divergences in the
atmosphere and also in the ocean as accurately as possible from ECMWF reanalysis data (ERA-
2
Figure 1.2: Yearly mean meridional energy fluxes with atmosphere/ocean partition in PW with
the associated ±2σ range (shaded) (Fasullo and Trenberth, 2007b).
Interim and ERA-40). Therefore we use the budget equations for the vertically integrated
atmosphere (see section 2). After calculating the vertically integrated horizontal energy flux
〈∇.FA〉 divergences with a direct (section 3.2) and an indirect method (section 3.3) using a
pressure correction for obtaining mass consistent fields (as used by Chiodo and Haimberger
(2010)), we compute a potential function χ(ϕ, λ) = ∇−2〈∇.FA〉 by inversion of the Laplacian
on the sphere using spherical harmonics. The gradient of χ leads to the purely divergent energy
fluxes in meridional and zonal direction. The rotational part of the energy fluxes is not needed
for the calculation of the net meridional energy fluxes. Hence, the divergent energy fluxes
already are the desired quantity. We will show, that the indirect method with applied pressure
correction leads to the most reasonable results, which do not need any smoothing postprocessing
such as spatial filtering.
Many quantitative ocean and atmosphere budget studies have been carried out since the
1970s, when satellite estimates became available (e.g. Vonder Haar and Oort (1973)). The
main problems were imbalances in the fields (e.g. Carissimo et al. (1985)) and noise resulting
from course time resolution, which led to the application of spatial filters in order to get rea-
sonable and smooth results (e.g. Trenberth et al. (2001)). Fig. 1.2 shows recent results from
Fasullo and Trenberth (2007b) for the meridional energy fluxes in the atmosphere and ocean
in PetaWatt (1PW = 1015W ). Accordingly, the total meridional flux peaks at 5.9PW at 35°
in both hemispheres. The atmospheric flux peaks at 5.1PW at 41°N and 4.9PW at 39°S. The
ocean flux is relatively weak. It peaks at 1.7PW at 15°N and 1.2PW at 11°S. The values for
the total transport are purely satellite derived (ERBE and CERES periods), which is possible
by neglecting atmospheric storage on longer timescales (see section 2.6). Atmospheric energy
flux divergences (calculated by the direct method (description in section 3.2)) are taken from
NCEP-NCAR reanalysis (NRA) and oceanic energy flux divergences are taken from the Global
Ocean Data Assimilation System (GODAS). These values are assumed to be reliable and will
3
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Figure 1.3: Change in zonally integrated meridional atmospheric energy transports predicted
by SRES A1B transient simulations. The plot shows differences for latent heat flux
FL (dotted), sensible heat flux FS (dashed) and the total energy flux (solid curve)
between periods 2000-2020 and 2080-2100 (Held and Soden, 2006).
be taken as reference.
The estimation of the meridional energy transports by the climate system is still a challenge
for science, but an even more demanding problem is their evolution with time. Held and
Soden (2006) found by evaluating the IPCC AR4 climate models, that the meridional total
energy fluxes are supposed to increase during the next decades by more than 0.1PW under the
assumptions of the SRES A1B scenario (assuming strong economic growth, but more efficient
technologies). In this work we will investigate, if a trend can be identified in the available data
period from ERA-Interim (1989-2009), or if the uncertainties of the estimates are too large for
the detection of such relatively small changes.
4
2 Atmospheric budgets
2.1 The general budget equation
When carrying out quantitative climatology, “budget-thinking” is very useful. The general
budget equation for the transport of any state quantity b(ϕ, λ, p, t) in flux form in pressure
coordinates on a sphere reads as follows (Peixoto and Oort, 1992):
db
dt
=
∂b
∂t︸︷︷︸
a
+
∂bu
∂x
+
1
cosϕ
∂bv cosϕ
∂y
+
∂bω
∂p︸ ︷︷ ︸
b
+
∂Fb
∂p︸︷︷︸
c
+ Sb︸︷︷︸
d
= 0 (2.1)
with the horizontal velocity vector
v2 =
(
r cosϕλ˙
rϕ˙
)
and (
∂
∂x
∂
∂y
)
=
(
∂
r cosϕ∂λ
∂
r∂ϕ
)
.
Term a in eq. 2.1 describes the local tendency of the state quantity. The terms united under
b are the divergences of the advective fluxes in longitudinal, meridional and vertical direction.
Term c is the vertical divergence of the non-advective flux. Actually this flux is three dimensional
like the terms in b, but the horizontal fraction is only relevant on a micrometeorological scale,
which is neglected here. Term d describes the local source term, which can change the field of
b without any transport. The Earth’s radius is denoted by r and is 6378km.
2.2 The budget equation for dry mass
Setting b = 1 in eq. 2.1 leads to the hydrostatic and incompressible equation of continuity with
the vertical velocity in pressure coordinates, ω = ∂p∂t :
∂u
∂x
+
1
cosϕ
∂v cosϕ
∂y
= −∂ω
∂p
. (2.2)
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Term c and d from eq. 2.1 do not appear anymore, as mass can only be transported by advection
and mass can neither be created nor destroyed. The hydrostatic and incompressible equation of
continuity states, that a horizontal divergence of the wind field immediately leads to a change of
the vertical motion with height as compensation. On larger scales, as in our study, this equation
with its simplifications (incompressibility and no vertical acceleration) is sufficiently fulfilled.
Integrating eq. 2.2 vertically over the whole atmosphere, we get a prognostic equation for the
surface pressure tendency:
1
g
psˆ
0
∇ · v2dp = −1
g
psˆ
0
∂ω
∂p
dp = −1
g
∂ps
∂t
. (2.3)
Thus, the pressure tendency exclusively depends on the vertically integrated horizontal mass
flux divergence. Eq. 2.3 will become important later, when we introduce the correction methods
for the energy budgets.
2.3 The budget equation for moisture
The hydrosphere consists of five reservoirs: oceans (97%), ice masses (1.8%), snow deposits,
terrestrial water, atmosphere and the biosphere (Peixoto and Oort, 1992). The reservoirs are
connected by the hydrological cycle, consisting of an atmospheric and a terrestrial branch. The
atmospheric branch transports water, mostly in the form of vapour, from the oceans to the
continents, where it leads to precipitation. On land, water is stored in lakes, the soil or glaciers
and is ultimately transported back to the ocean by rivers or evaporated again. Precipitation
maybe is the most obvious part of the hydrological cycle as it is one of the most important
features of a regional climate and of great importance for human activities. Hence, it is a main
goal of every budget study to quantify the hydrological cycle. In a strict sense water appears in
the atmosphere in all three states, but as a good approximation on the time and space scales
considered we limit our study to gaseous water.
There are many possible parameters to describe humidity in the atmosphere such as relative
humidity or dew point temperature, but most of them do not allow to set up a budget equation
as they are not conserved. The most suitable parameter for a quantitative moisture budget
is the specific moisture q = mwatermmoist air in the atmosphere. The amounts of yearly averaged
vertically integrated q reach from less than 0.5kgm−2 in polar regions to more than 50kgm−2
in the Tropics (Peixoto and Oort, 1992). Introducing q into eq. 2.1, we get
∂q
∂t
+
∂qu
∂x
+
1
cosϕ
∂qv cosϕ
∂y
+
∂qω
∂p
− E + C = 0. (2.4)
We find the evaporation E (positive downward) as source and the condensation C as a sink
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term for the atmospheric moisture budget. When integrating eq. 2.4 we get
∂w
∂t
+
1
g
psˆ
0
∇ · (qv2)dp+ P = E (2.5)
with the precipitation P (positive downward) and the precipitable water of a column,
w =
1
g
psˆ
0
qdp. (2.6)
As the latent heat is defined by LH=Lq with L = 2.5 × 106J/kg (phase transition energy for
evaporation), we obtain the budget equation for latent heat by multiplying eq. 2.5 by L.
2.4 The budget equation for the total column energy
For deriving a budget equation for the vertically integrated total energy, we state that the
total energy of a single air parcel is e = HI + Φ + HL + HK . It is simply the sum of all
aforementioned forms of energy, where HI = cvT is the internal energy (with the specific heat
of air at constant volume cv = 716Jkg−1K−1) , Φ = gz the geopotential, HL = Lq the latent
heat and HK = 12(u
2+v2+w2) w 12(u2+v2) the kinetic energy (Peixoto and Oort, 1992). With
the knowledge of the thermodynamic equation, neglection of diabatic heating and the continuity
equation we obtain (Wiin-Nielsen and T.-C-Chen, 1993)
cv
dT
dt
= −pdα
dt
= −pα∇ · ~v = −RT∇ · ~v, (2.7)
where ~v denotes the three-dimensional velocity vector. Time derivation of the potential energy
leads to
dΦ
dt
= g
dz
dt
= gw. (2.8)
The time derivative of the kinetic energy can be written as
dk
dt
= ~v · d~v
dt
. (2.9)
Applying this to the equation of motion without friction, we find that
dk
dt
= −1
ρ
~v · ∇p− gw. (2.10)
We obtain an equation for the change of energy of an air parcel without sources by adding eqs.
2.5, 2.7, 2.10 and 2.8:
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d
dt
(Φ + cvT + k + Lq) = −1
ρ
(p∇ · v + v · ∇p). (2.11)
Before proceeding, we multiply eq. 2.1 by ρ and neglect the source terms for the next step:
ρ
db
dt
=
∂(ρb)
∂t
+∇ · (ρb~v). (2.12)
Inserting eq. 2.11 into 2.12, we obtain
∂(ρe)
∂t
= −∇ · (ρe~v)−∇ · (p~v). (2.13)
We combine the two terms on the rhs. With knowledge of the gas equation and cp = Rd + cv
(with the specific heat of air at constant pressure cp = 1003Jkg−1K−1 and the gas constant for
dry air Rd = 287Jkg−1K−1), eq. 2.11 becomes
∂
∂t
[(cvT + Φ + k + Lq)ρ] = −∇ · [(cpT + Φ + k + Lq)ρ~v]. (2.14)
For a further simplification, we integrate the left side of 2.14 vertically in pressure coordinates:
z=∞sˆ
z=0
(cvT + Φ + k + Lq)ρdz =
z=∞ˆ
z=0
ρedz =
1
g
psˆ
0
edp =
1
g
psˆ
0
(cvT + Φ + Lq + k)dp. (2.15)
When integrating Φ from the surface to TOA, we get with integration by parts, the assumption
of hydrostatic equilibrium and the gas equation:
1
g
psˆ
0
gzdp =
psˆ
0
zdp = zp |ps0 +
psˆ
0
p
gρ
dp = zsps +
1
g
psˆ
0
RdTdp =
Φsps
g
+
1
g
psˆ
0
RdTdp. (2.16)
Knowing, that cp = cv +Rd, we add the vertical integral of I to eq. 2.16:
1
g
psˆ
0
gzdp+
1
g
psˆ
0
Idp =
Φsps
g
+
1
g
psˆ
0
RdTdp+
1
g
psˆ
0
cvTdp =
Φsps
g
+
1
g
psˆ
0
cpTdp. (2.17)
Eq. 2.17 states, that in a hydrostatic atmosphere, internal and potential energy are proportional.
The full geopotential function therefore reduces to its value at the surface Φs. The sum of I
and Φ is called the sensible heat. This leads us to a slightly different version of eq. 2.15:
1
g
psˆ
0
edp =
1
g
psˆ
0
(cpT + Φs + Lq + k)dp. (2.18)
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After this simplification, we also integrate the rhs. of 2.14 vertically and insert the source terms
at TOA and the surface. The budget equation for the total column-energy is
1
g
∂
∂t
psˆ
0
(cpT + Φs +Lq+ k)dp+
1
g
psˆ
0
∇ · ((cpT + Φ +Lq+ k)v2)dp+ Fs −RadTOA = 0. (2.19)
The source term at the lower boundary (the surface) is Fs = LH + SH +Rads (positive down-
ward). LH represents the latent heat flux from evaporating water, SH the sensible heat flux due
to e.g. thermic bubbles and Rads is the radiative energy input/output from a positive/negative
radiation balance at the surface. RadTOA (positive downward) is the radiation balance of ASR
and OLR at the upper integration limit (TOA). The term (cpT + Φ + Lq + k)v2 is the atmo-
spheric flux of moist static energy and kinetic energy FA. It is important to note, that the moist
static energy differs from the total energy. Moist static energy only appears in the transport
equation, whereas the vertically integrated total energy really represents the energy content of
an atmospheric column. Introducing the operator for the vertical integral,
〈b〉 = 1
g
psˆ
0
bdp, (2.20)
we can write eq. 2.19 in a shorter form:
∂
∂t
〈e〉+ 〈∇ · FA〉+ Fs −RadTOA = 0. (2.21)
Fig. 2.1 illustrates the energy transports out of and into an atmospheric column and the
energy transitions within this column (e.g. LP). The flux at the upper boundary (TOA) is
determined by the radiation balance RT , the flux at the lower boundary (surface) by the surface
flux Fs, whereas FA denotes the horizontal energy transports.
Eq. 2.21 is a continuous equation, but as it is impossible to determine every state quantity
b(x, y, p, t) at every place at every single time, it is necessary to discretize b in space and
time. The chosen resolution determines the scale of the resolved phenomena. For example it is
impossible to resolve the daily cycle of temperature with a 24-hourly resolution. The gridscale
average of the state quantity b is defined as follows (Haimberger, 2006):
b =
1
4x
1
4y
1
4p
1
4t
x+4x
2ˆ
x−4x
2
y+4y
2ˆ
y−4y
2
p+4p
2ˆ
p−4p
2
t+4t
2ˆ
t−4t
2
b(x′, y′, p′, t′)dx′dy′dp′dt′. (2.22)
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Figure 2.1: Schematic illustration of the energy forms and transports in an atmospheric column
over the ocean. RadTOA = ASR−OLR (positive downward), Rads (positive down-
ward) illustrates the radiative flux at the surface, Fs the energy flux through the
surface (positive downward), Lc the transformation of HL into HS occurring due to
condensation (with condensation rate c), SH the sensible heat flux, LH the latent
heat flux due to evaporation. FA and FO denote the horizontal energy flux in the
atmosphere and in the ocean. Adapted from Trenberth (1996).
Eq. 2.22 assumes that Reynold’s averaging,
b′ = b− b b′ = 0 b = b ba = ba+ b′a′,
holds, where b’ is the time-dependent fluctuation of b and b is the time average of b (Chiodo,
2008). The method of time-averaging is a suboptimal filter as it damps processes at time scales
near the averaging interval (b = b is not completely satisfied), which can lead to substantial
biases when performing budget evaluations (Haimberger et al., 2001). We will point out this
problem with the help of our results (see chapter 4). Nevertheless we have to assume that a
grid point value of any state quantity sufficiently fulfills eq. 2.22 and Reynold’s averaging, so
that a vertical column of grid points describes an atmospheric volume as shown in fig. 2.1.
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2.5 Budget equation for the oceans
Analogous to section 2, we can also derive an energy budget equation for the oceans. According
to Fasullo and Trenberth (2007b), writing the ocean energy budget only in terms of heat content
Oe is a good approximation. The budget equation reads as follows:
〈∂Oe
∂t
〉+ 〈∇ · FO〉+ FS = 0 (2.23)
with
〈Oe〉 =
ˆ
ρT (z)cwdz, (2.24)
where FO denotes the horizontal oceanic energy flux v2Oe, ρ is the density of seawater (mainly
dependent on the salt concentration), T is the temperature and cw is the specific heat of seawater.
Eq. 2.23 states that the vertically integrated oceanic energy flux divergence is determined by
the surface flux and the storage of energy. As the energy flux through the bottom of the ocean
is zero (apart from extraordinary events such as eruptions of undersea volcanoes) the only
source term of the budget equation is Fs. The ocean energy budget is important as the oceans
contribute a substantial part to the total meridional energy transports of the Earth’s climate
system. These transports are a little more organized than the atmospheric ones as the ocean
currents are quasi stationary at there position. The mechanism of energy transport is clear as a
poleward current (e.g. Kuroshio) transports relatively warm water towards the poles and vice
versa (e.g. Humboldt stream).
2.6 Consistency requirements
Knowing some basic properties of the climate system, we can derive several simplified equations,
which have to be satisfied on longer timescales. We start with the fundamental property of a
balanced climate system, namely the global radiative balance. This balance is only achieved on
yearly timescales, as there are variations of the global albedo during the year. This means that,
[RadTOA] w 0 if averaged over one or more years. The overbar denotes a time average and we
have introduced the global averaging operator
[b] =
1
4r2pi
2piˆ
λ=0
+pi
2ˆ
ϕ=−pi
2
br2 cosϕdϕdλ. (2.25)
Trenberth et al. (2009) quantify the global TOA imbalance due to global warming with a
combination of data sets. Their result is a net downward radiation at TOA of +0.9Wm−2. By
all means the global net TOA radiation calculated from reanalysis data should be close to zero.
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It is important to mention, that this equation is not satisfied locally. The local net radiation at
TOA is positive between about 30°N and 30°S and negative poleward of these latitudes (Chiodo,
2008).
Another property is the constancy of energy content at each point of the globe. This implies
the disappearance of the storage term not only in the global mean, but also locally. So the
yearly average of 〈∂e∂t 〉 must equal zero at every grid point. According to Fasullo and Trenberth
(2007a), the maximum rate of variation of the global energy content is between +2Wm−2 in
May and −4Wm−2 in September.
With the listed characteristics of the atmosphere the energy budget equation (eq. 2.21) can
be simplified and becomes
〈∇ · FA〉+ Fs = RadTOA. (2.26)
As the heat conductivity and storage capacity of the land surface is very low, we assume the
yearly average of F lands = 0. The yearly cycle is very weak, with a peak flux of +2Wm−2 in
boreal winter and the minimum flux of −2Wm−2 in boreal summer. With that knowledge we
get the energy balance equation over land
〈∇ · FA〉 = RadTOA. (2.27)
Hence, a local energy gain or loss due to radiation surplus or deficit at TOA will be compensated
by divergence or convergence of the horizontal energy flux, so that the climate is balanced locally
on yearly scales. From eq. 2.27 it is clear, that regions poleward of 30°N and 30°S must have
energy flux convergence and Tropics energy flux divergence.
Considering the moisture budget from eq. 2.5, we can assume that the atmospheric moisture
content does not change on longer timescales and therefore we get
〈∇ · (qv2)〉+ P − E = 0. (2.28)
Thus the difference between precipitation and evaporation, the so-called fresh water flux, is
balanced by the vertically integrated moisture flux divergence locally (Chiodo, 2008). In the
global mean the divergence has to vanish. So P has to balance E.
We can make similar considerations for the oceanic budgets. If the oceanic heat content is
constant, then [F oceans ] w 0Wm2. Under this assumption, eq. 2.24 reduces to
〈∇ · FO〉 = F oceans . (2.29)
We see that the surface flux over the sea is the forcing for the horizontal energy flux divergences.
According to this result, the surface flux is for the ocean what the radiation at TOA is for the
atmosphere. If [F oceans ] 6= 0, the net surface flux is directly transformed into an ocean warming
12
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or cooling (Fasullo and Trenberth, 2007a):
[〈∂Oe
∂t
〉] = [F oceans ]. (2.30)
With the simplified equations derived in this section the consistency of a dataset can be checked.
This is an important hint to the reliability of the results.
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evaluation
3.1 The mass budget
Before describing the methods for calculation of 〈∇ ·FA〉, we briefly discuss the mass budget of
the reanalyses. As mass is conserved and the distribution over the Earth is constant on longer
timescales, we assume that the local surface pressure tendency vanishes in the yearly mean
(∂ps∂t = 0). Unfortunately, this is not the case when we average the 12h-hourly surface pressure
forecasts over one year. Haimberger (2006) found that the 5-years average of surface pressure
tendencies from ERA-40 forecasts are on the order of 5× 10−3Pas−1 or 130hPa/month, which
is fairly unrealistic. We calculated the yearly average of surface pressure tendencies from ERA-
Interim forecasts for the year 2000 and obtained smaller, but still too large tendencies on the
order of 10−3Pas−1 or 26hPa/month, locally up to 72hPa/month. The global mean surface
pressure would increase by nearly 26hPa. Fig. 3.1 reveals that the pressure forecast errors show
very interesting structures, e.g. large areas of too low pressure forecasts over Asia and the Indian
ocean. These structures are difficult to understand and may arise from a systematic model bias.
We also checked, if the observed structures have anything to do with the atmospheric tides and
therefore partitioned the yearly pressure tendency average into two parts,
∂ps
∂t
fc
=
∂ps
∂t
fc(00+12h)
− ∂ps
∂t
ana(00)
︸ ︷︷ ︸
a
+
∂ps
∂t
fc(12+12h)
− ∂ps
∂t
ana(12)
︸ ︷︷ ︸
b
, (3.1)
where Term a denotes the yearly mean of the pressure forecast for the first half of the day
(00UTC to 12UTC) and term b the mean forecast for the second half of the day (12UTC to
00UTC). Both results were quite similar. So the pressure forecast possesses a positive bias with
not randomly distributed errors.
As the vertically integrated total energy of an atmospheric column depends strongly on the
integrated mass (i.e. surface pressure), a consistent mass budget is necessary. Therefore we
use the mass correction method as proposed by Haimberger (2006) to achieve mass balance as
15
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Figure 3.1: Yearly average of 12-hourly pressure forecast errors from ERA-Interim.
follows. The forecasted surface pressure tendency is
(
∂ps
∂t
)fc =
pfcs − panas
4t , (3.2)
with panas for the analysed surface pressure at time t1, p
fc
s for the forecasted surface pressure at
t2 = t1 + 06h and ∆t = t2 − t1. The real pressure tendency at the time t1 is calculated by
(
∂ps
∂t
)ana =
pana+12hs − panas
4t . (3.3)
Combining eq. 3.2 and 3.3, it is easy to derive the equation for the forecast error:
∆(
∂ps
∂t
)fc = (
∂ps
∂t
)fc − (∂ps
∂t
)ana =
pfcs − panas
4t −
pana+12hs − panas
4t =
pfcs − pana+12hs
4t . (3.4)
Eq. 3.4 will help us to correct our calculations for spurious mass tendencies.
3.2 Direct method
It is a common method to compute the vertically integrated field of energy flux divergences di-
rectly from the fields of ps, u, v, q, T and Φ (e.g. Trenberth (1996) or Trenberth et al. (2001)).
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These fields are available from the MARS-archive (Meteorological Archival and Retrieval Sys-
tem) with a six-hourly time resolution. A possible advantage of this method is the fact that
the radiation at TOA, the surface fluxes and the energy storage term are not required for the
computation. The main disadvantage is the coarse time resolution. Haimberger et al. (2001)
found that a six-hourly time resolution used for budget diagnostics leads to systematic errors
of up to 20%. This problem could be avoided if the divergences were accumulated during time
integration, but unfortunately this has not been done routinely. Another problem that can be
solved is mass consistency as described in section 3.1. We start with the decomposition of the
vertically integrated energy flux divergence (with h = cpT + Φ + Lq) into two terms:
1
g
psˆ
0
∇ · (h+ k)v2dp = 1
g
psˆ
0
(h+ k)∇ · v2dp+ 1
g
psˆ
0
v2 · ∇(h+ k)dp. (3.5)
The first term on the rhs of eq. 3.5 describes the change of vertically integrated energy by mass
increase/decrease, whereas the second term is the vertically integrated horizontal advection of
total energy. Using eq. 2.3 for rewriting eq. 3.5 leads to
1
g
psˆ
0
∇ · (h+ k)v2dp ' −1
g
(hˆ+ kˆ)
∂ps
∂t
+
1
g
psˆ
0
v2 · ∇(h+ k)dp, (3.6)
where hˆ and kˆ denote the vertical average of h and k (the neglection of the vertical correlation
between h+k and v2 is a good approximation and strongly reduces computational cost). Clearly,
a wrong forecast of the pressure tendency leads to a wrong result for this term. Using eq. 3.4
to correct the directly calculated energy flux divergence, we get
(
1
g
psˆ
0
∇ · (h+ k)v2dp)∗ = −1
g
(hˆ+ kˆ)
∂ps
∂t
+
1
g
psˆ
0
v2 · ∇(h+ k)dp+ 1
g
(hˆ+ kˆ)∆(
∂ps
∂t
)fc. (3.7)
The last term on the rhs in eq. 3.7 is the correction term. Eq. 3.7 is the best method if forecast
and analysis of surface pressure are available with a six-hourly time resolution, which is the case
for ERA-40.
Unfortunately the ERA-Interim surface pressure forecasts starting from 06UTC and 18UTC
are not stored in the MARS-archive, which makes it impossible to apply the pressure correc-
tion every six hours. Paul Berrisford (personal communication, 2009) proposes the following
correction method for ERA-Interim:
(
1
g
psˆ
0
∇ · FAdp)∗= 1
g
psˆ
0
∇ · FAdp− (〈MSE〉+ 〈KE〉)〈MDIV〉+MTEND〈MASS〉 . (3.8)
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In eq. 3.8, MSE denotes the moist static energy, KE the kinetic energy, MDIV the mass flux
divergence from the model analysis and MTEND the analysed mass tendency calculated with
centered differences from the analysis six hours ahead and six hours before. MDIV and MTEND
are only available for ERA-Interim from the MARS-archive.
So we use eq. 3.7 for the correction of the directly calculated ERA-40 estimates and eq.
3.8 for those of ERA-Interim. Analogous to the energy flux divergence, the directly computed
vertically integrated moisture flux divergence can be obtained from the MARS-archive. We do
not use any ocean data, and so we are not able to calculate the ocean energy flux divergence
directly.
3.3 Indirect method
As adumbrated in chapter 3.2, the indirect method calculates the horizontal energy flux diver-
gence 〈∇ · FA〉 as a residual from RadTOA, Fs and the local energy tendency:
〈∇ · FA〉 = −〈∂e
∂t
〉fc +RadTOA − Fs. (3.9)
The radiation at TOA and Fs are taken from 12-hour forecasts from ERA-Interim, which are
averaged over the forecasting horizon (12 hours). The local energy tendency is calculated as
difference of the forecasted vertical total energy integral at t = t1+12h and the analysed vertical
total energy integral at t1. The great advantage of this method is the avoidance of the time-
sampling problem, since RadTOA and Fs are available as accumulated fields. A disadvantage
is the dependence on model parameterization, as the surface fluxes are taken directly from the
model (Chiodo, 2008). It is legitimate to ask, why forecasts are used for the energy tendency
too, although the problem of time sampling does not exist for this term and could easily be
circumvented by using analysed fields. The reason for that is the higher methodical consistency
obtained when using forecasted fields for all computed terms. Using the forecasted energy
tendency, the problem of erroneous pressure tendency arises again as in chapter 3.2. We can
partition the forecasted energy tendency by the Leibniz rule:
〈∂e
∂t
〉 = 1
g
∂
∂t
ps(t)ˆ
0
edp =
1
g
ps(t)ˆ
0
∂e
∂t
dp+
e(ps)
g
∂ps
∂t
. (3.10)
The first term on the rhs of eq. 3.10 describes the local energy tendency due to the change in
specific energy in the column, whereas the second term is the change of vertically integrated
energy through the surface pressure tendency (Chiodo and Haimberger, 2010). We can rewrite
e(ps)
g , where e(ps) denotes the time-averaged specific energy at the surface, with the following
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consideration:
〈e(p)〉 = 1
g
psˆ
0
e(p)dp =
1
g
e(ps) · ps ⇒
e(ps)
g
=
〈e(p)〉
ps
. (3.11)
With the help of eqs. 3.4 and 3.11, we find a correction for the local energy tendency,
〈∂e
∂t
〉∗ = 〈∂e
∂t
〉 − 〈e(p)〉
fc
ps
∆(
∂ps
∂t
)fc, (3.12)
with
〈e(p)〉fc
ps
=
〈e(p)〉fc + 〈e(p)〉ana
pfcs + panas
. (3.13)
The indirect estimate for the vertically integrated moisture flux divergence is computed by
〈∇ · qv2〉 = P − E − ∂w
∂t
. (3.14)
The vertically integrated moisture flux divergence is governed by the difference between pre-
cipitation P and evaporation E, as well as the local tendency of precipitable water w. The
tendency term is corrected against spurious pressure forecasts analogous to eq. 3.12:
〈∂q
∂t
〉∗ = 〈∂q
∂t
〉 − 〈q(p)〉
fc
ps
∆(
∂ps
∂t
)fc. (3.15)
With the corrected tendency term, we can now calculate the corrected moisture flux divergence.
From eq. 3.9 and eq. 3.14 we have the estimate for the full energy flux divergence and the
moist energy flux divergence. The difference between these two fields is the dry energy flux
divergence. This field will become interesting later, when the Hadley cell shall be identified.
As we do not use any ocean data, we can calculate the energy flux divergence in the oceans
only with the indirect method on yearly timescales when the yearly cycle of the local ocean
heat storage vanishes. Then it is possible to use eq. 2.29. As we will see later, [F oceans ] 6= 0
in the yearly mean. We assume that the resulting yearly mean oceanic heat storage is globally
uniformly distributed, so that we can simply subtract the global yearly mean surface flux. Now
we can calculate the oceanic energy flux divergence only from the adjusted surface flux F oceans .
It is also possible to calculate the surface flux over the ocean following eq. 2.26:
F oceans = Rad
ocean
TOA − 〈∇ · FA〉ocean = 〈∇ · FO〉. (3.16)
In subsection 4.1.8 and 4.3.3 we will see that eq. 3.16 leads to more realistic results.
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3.4 Deriving fluxes from divergences
After calculating the global field of vertically integrated energy flux divergences as described in
chapter 3.2 and 3.3, the next step is to derive the horizontal energy fluxes, which are leading to
these fields. As one of our main goals is to find the best possible estimate for the full meridional
energy flux, we have to show first that it is sufficient to calculate only the divergent energy flux.
According to Hermann Helmholtz, any vector v can be decomposed into a purely rotational
vr and a purely divergent part vd (Pichler, 1997):
v = vr + vd with ∇ · vr = 0 and ∇× vd = 0. (3.17)
As energy flux divergences are induced by purely divergent horizontal energy fluxes, we have
no information about the rotational part of the flux. It has to be remarked that one could
compute the rotational part of the energy flux directly, but for the indirect method this is
definitely impossible, as it only provides the energy flux divergences. However, for our purposes
this is no limitation, as for the net meridional energy fluxes only the purely divergent part is
needed. To prove this, we start with the full vertically integrated energy flux
FA = Fλ + Fϕ = ∇χFA + k ×∇ψFA , (3.18)
where ϕ and λ denote the direction of the flux, χFA the potential function for the divergent
fluxes and ψFA the stream function of the rotational energy flux. Zonal averaging of eq. 3.18
leads to
[FA] = [
1
r cos(ϕ)
∂ψFA
∂λ
]︸ ︷︷ ︸
a
− [1
r
∂ψFA
∂ϕ
]︸ ︷︷ ︸
b
+ [
1
r cos(ϕ)
∂χFA
∂λ
]︸ ︷︷ ︸
c
+ [
1
r
∂χFA
∂ϕ
]︸ ︷︷ ︸
d
= [
1
r
∂χFA
∂ϕ
] (3.19)
with the zonal averaging operator
[f(ϕ, λ)](ϕ) =
1
2pir cos(ϕ)
2piˆ
0
f(ϕ, λ)dλ. (3.20)
Term a in eq. 3.19 describes the rotational component of the meridional energy flux (normal to
the circle of latitude). As this part is non-divergent, it transports the same amount of energy to
the north as it transports to the south, and so cannot lead to a net transport in the zonal mean
and therefore vanishes. Term b is the rotational component of the zonal energy flux, which is
parallel to the circle of latitude, which of course does not lead to any net transport. Term c
describes the divergent zonal energy transport, which has to vanish if averaged over a circle. So
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the only term that describes a net meridional energy transport over a certain circle of latitude
is term d, the divergent component of the meridional energy flux.
In chapter 3.4.1 and 3.4.2 we present two methods for the explicit computation of the divergent
energy fluxes.
3.4.1 Direct integration with finite differences
Knowing the boundary conditions of the meridional energy flux (FA(pi2 ) = FA(−pi2 ) = 0), it is
possible to integrate the field from one pole of the Earth to the other, as done by Zhang and
Wossow (1997):
FA(ϕ) =
ϕˆ
−pi
2
2pir2 cos(ϕ)[〈∇2 · FA〉](ϕ)dϕ. (3.21)
Equation 3.21 can easily be integrated numerically, but this method suffers from three short-
comings. The first is the numerical inaccuracy that can lead to a non-zero flux at the North
Pole when integrating from ϕ = −pi2 to ϕ = pi2 . The second problem arises if the global mean
value of 〈∇2 · FA〉 is not equal zero. According to Gauss’ theorem, a globally averaged hori-
zontal flux divergence field has to be zero, but as we will see later, this is not always the case
in our calculations. Thinking of a global mean energy flux divergence of 1Wm−2, integration
of equation 3.21 leads to a northward energy flux of about 0.51 PW at the North Pole. This
shortcoming also has an advantage: the uncertainty of the estimate can be quantified. The
third shortcoming of the method is the impossibility of calculating the zonal component of the
divergent energy flux because there is no boundary condition in the zonal direction.
3.4.2 Integration using spherical harmonics
The spectral method is the most elegant for the inversion of the Laplacian on a sphere. For the
representation of our fields in spectral space we use spherical harmonics. According to Davies
(2002), any function f(ϕ, λ, t) can be expressed as a truncated series of spherical harmonics
f(µ, λ, t) =
M∑
m=−M
N∑
n=|m|
Cmn (t)P
m
n (µ) exp[imλ], (3.22)
where m is the sine of the latitude, l the longitude, n the meridional and m the zonal wave
number. The zonal variation of f is expressed as an ordinary Fourier decomposition, whereas
the meridional variation is expressed by the associated Legendre polynomials in the meridional
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Figure 3.2: Patterns of positive (black) and negative regions for the spherical harmonic functions
(Holton, 2004).
direction, which are defined by
Pmn (µ) =
√
2n+ 1
(n−m)!
(n+m)!
1
2nn!
(1− µ2)m2 d
n+m
dµn+m
(µ2 − 1) (3.23)
and have the following orthogonality relation (Riddaway, 2002):
1
2
ˆ 1
−1
Pmn (µ)P
m
s (µ)dµ = δn,s. (3.24)
According to Holton (2004), the allowed values for the zonal wave number m are 0,±1,±2, ...,
the meridional wave number n is a strictly positive integer number and it is required that |m|
≤ n. Washington and Parkinson (1986) showed that n-|m| designates the number of nodes of
Pmn (µ) in the interval −1 < µ < 1 (in our case between the poles). To get a better impression
of the look of the spherical harmonics, six combinations of m and n are visualized in figure 3.2.
The meridional wave number n is equal 5 in all six drawings. The formula for the number of
nodes can easily been verified visually.
There are some common ways to truncate the series of spherical harmonics such as the rhom-
boidal (N=|m|+M) and triangular (M=N) one, whereby the triangular truncation (used at
ECMWF) appears to be superior when using high resolutions as today’s forecast and reanaly-
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Figure 3.3: Illustration of the represented zonal and meridional wave numbers for the rhomboidal
(A+C) and triangular (A+B+D) truncation (Davies, 2002).
ses products. Using triangular truncation, resolution is defined by TM. The shortest resolved
half-wavelength is pir/M (for T255 approximately 79km) (Holton, 2004). Both mentioned trun-
cations are presented in figure 3.3.
In order to compute the transformation to spherical harmonics exactly, at least (2M+1)
longitude points, which have to be equally spaced along (2M+1)/2 latitudes, are needed. The
so-called Gaussian grid fulfills these requirements. A traditional Gaussian grid has the same
number of longitudinal grid points along each latitude, which leads to an anisotropic horizontal
resolution because the geographical distance in East-West direction between the grid points
strongly decreases when approaching the poles. As the amplitude of the associated Legendre
polynomials is very small for large m when |µ| approaches 1 (near the poles), it is possible to
ignore the largest values of m in the Fourier transforms at high latitudes without losing too
much information. In this way, less longitudinal grid points are needed near the poles to resolve
the retained wavelengths which leads to a more isotropic resolution (the area represented by
one grid point is approximately equal all over the globe). Such a grid is called reduced Gaussian
grid. Its main advantage is the reduction of required grid points and hence computing time and
disk space (for T255 the reduction is over 30%) (Riddaway, 2002). Using the spectral method
on the Gaussian grid, we avoid interpolation errors, since integral and differential operations in
spectral space are exact and the fields from ECMWF are available either on Gaussian grid or
as spectral coefficients.
Spherical harmonics fulfill the following important relation:
∇2{P (µ) exp[imλ]} = −n(n+ 1)
r2
Pmn (µ) exp[imλ]. (3.25)
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Thus, the spherical harmonics are eigenfunctions of the Laplacian on a sphere. This means
that the inversion of the Laplacian is achieved by multiplying the coefficients Cmn (t) by − r
2
n(n+1) .
After this step, we have the coefficients of a potential field. Derivations in zonal and meridional
directions lead to the two horizontal components of a purely divergent flux (Davies, 2002):
∂f(µ, λ, t)
∂λ
=
M∑
m=−M
N∑
n=|m|
imCmn (t)P
m
n (µ) exp[imλ], (3.26)
∂f(µ, λ, t)
∂µ
=
M∑
m=−M
N∑
n=|m|
Cmn (t)
∂Pmn (µ)
∂µ
exp[imλ], (3.27)
with
(1− µ2)∂P
m
n (µ)
∂µ
= nεmn+1P
m
n+1 + (n+ 1)ε
m
n P
m
n−1
and
εmn = (
n2 −m2
4n2 − 1 )
n
2 .
In our case, we can now derive the horizontal purely divergent energy fluxes by first inverting
the Laplacian by multiplication by the factor− r2n(n+1) and then applying equations 3.26 and 3.27.
As this factor is not defined for n=0 (division by zero), the first coefficient of the transformed
field (which represents the mean value of the field) is neglected. This fact will become important
later.
3.5 Meridional energy fluxes
The procedure of calculating the meridional net energy flux can be summarized in two steps.
The first one is to calculate the vertically integrated energy flux divergences at each grid point
by the direct (see section 3.2) or the indirect (see section 3.3) method. In the second step, we
compute the divergent energy fluxes by direct integration (subsection 3.4.1) or with the spectral
method (subsection 3.4.2). The vertically integrated total energy flux 〈FA(ϕ)〉 over a certain
circle of latitude ϕ is then obtained by zonal integration:
〈FA(ϕ)〉 = 2rpi cos(ϕ)[〈FA(ϕ, λ)〉](ϕ). (3.28)
In this way, we can calculate zonal profiles of meridional energy fluxes and time series of energy
fluxes crossing a circle of latitude.
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3.6 Datasets
The idea of reanalysis is to get the best estimate for the state of the atmosphere with high
time resolution (six-hourly), preferably over a long period of time. The best atmospheric state
estimate at a certain time is obtained by combining background-knowledge with observations
at this time with the help of statistical methods (Uppala et al., 2005). The background state at
t1 is acquired by a short-term forecast of the weather model, with the analysis from t0 = t1−6h
as initial conditions. The observations come from many different measuring instruments such
as radiosondes or satellites, which all have their own accuracy and are irregularly spaced all
over the Earth. So it is possible to create error statistics of the observations, and for the model
too. By minimizing the sum of error-weighted measures of the deviations of analysed values
from the observed and background values, variational data assimilation looks for the “best”
combination of the two estimates. In this way, one gets the best estimate for the state of the
atmosphere for every time step. As arises from the previous explanation, the reanalysed fields
are dependent on the model dynamics and physics, as well as on the definition of the error
statistics. This dependency is not uniformly distributed over the globe but it depends on the
density and quality of measurements. The fields are more model-dependent over data-sparse
regions, such as Antarctica or the Southern Ocean, than over regions with high observational
density such as Central Europe. In order to make climatological studies possible, a main aim
of reanalyses is homogeneity of the results in time. Therefore, the model setup is not changed
during one reanalysis. Nevertheless, homogeneity is difficult to achieve as the observation system
is permanently changing, and so are its error characteristics (see Haimberger (2006) or Trenberth
and Smith (2006)). Despite these deficiencies, global reanalyses are an invaluable tool for climate
diagnostics.
3.6.1 ERA-40
After ERA-15, which covered the years 1979 to 1993, ERA-40 was the second major reanalysis
of the ECMWF. It covers a period of 45 years, from September 1957 to August 2002, and
was launched in 1998 (Uppala et al., 2005). As the computational cost of a multi-decadal
reanalysis is quite huge, it is not possible to use the most recent version of the operational
model because the production would last too long. The assimilating model operated with a
horizontal resolution of T159 (4x ' 125km) instead of T511, which was operational at that
time, and on 60 vertical levels (Simmons and Burridge, 1981), with a hybrid vertical coordinate
reaching up to 0.1hPa. Since 1997, the ECMWF operational model uses a 4D-Var analysis,
but ERA-40 used an improved six hour 3D-Var analysis for reasons of computational efficiency.
ERA-40 has been a big success and has been considered to be the best available reanalysis
product. Thus, it has been used as benchmark in many budget calculations up to date.
Nevertheless, according to Uppala et al. (2005) the ERA-40 data has two major deficiencies,
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Figure 3.4: Monthly mean precipitation rate (mmd−1) from ERA-40 averaged over the tropical
oceanic regions from 23.5S to 23.5N. Plotted are accumulated rates from 6 hourly
forecasts (black), from 12 hourly forecasts starting at t+24h (grey), SSM/I satellite
data (1987-2001, (black dotted), GPCP estimates (grey dotted). From Uppala et al.
(2005).
which effect the accuracy of calculated energy budgets. The system had no built-in long-term
hydrological balance. So it was not designed to ensure a balance of atmospheric circulations
driven by diabatic heating and small-scale wave-breaking. As the background-forecasts were
generally too dry, positive moisture analysis-increments resulted, which spread in the horizontal
by the analysis. This led to precipitation in surrounding areas, which were close to saturation
before. Due to this effect, too much latent heat was released, and so the tropical circulation
was increased, which lead to a positive feedback. The result of the described mechanisms are
far too high precipitation rates over tropical oceans (see fig. 3.4), which we will investigate in
our budget evaluations.
The second deficiency is a too strong Brewer-Dobson circulation, which lead to errors in
analysed air age and ozone concentration in the stratosphere, but this should not effect our
calculations too much. ERA-40 has been used by many authors until today (e.g. Serreze et al.
(2007) or Trenberth and Smith (2009)).
The ERA-40 data is available on the MARS-archive in its native resolution. We let MARS
perform a preprocessing so that we could download the data on a N256 reduced Gaussian grid,
with a 6-hourly resolution for the direct calculations and a 12-hourly resolution for the indirect
calculations.
3.6.2 ERA-Interim
The most recent reanalysis product of the ECMWF, ERA-Interim, was released in 2007 and
is still being produced. The main improvements compared to ERA-40 are a 12-hour 4D-Var
data assimilation and an increased horizontal resolution at T255 (Simmons et al., 2006), while
the vertical resolution has not been changed. Biases of satellite measurements are treated
by the Variation Bias Control (VarBC) (McNally et al., 2006). This method minimizes the
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systematic differences between the satellite radiances and and the model, while preserving the
fit to other observed data inside the analysis at the same time. So there are more observations
taken into account before adjusting the satellite measurements. The used radiosonde data has
been homogenized by Haimberger (2007). The problems with tropical precipitation in ERA-40
(subsection 3.6.1) were tried to be solved by a new humidity analysis, improved model physics,
direct assimilation of SSM/I and partly HIRS radiances, VarBC and 4D-Var (Simmons et al.,
2006). When comparing ERA-40, ERA-Interim and GPCP estimates for precipitation over
tropical oceans, ERA-Interim lies between the two others, but nearer to ERA-40 (not shown).
In the global mean there is still more precipitation than evaporation, but it is better than
in ERA-40. According to Simmons et al. (2006), the problems with the Brewer-Dobson have
improved too.
The ERA-Interim data can be retrieved from the MARS archive on a N256 reduced Gaus-
sian grid. We chose the same time resolution (6-hourly for direct and 12-hourly for indirect
estimations) as for the ERA-40 data.
3.7 Numerical calculation
In section 3.2 and 3.3 we have derived analytical equations for the calculation of the energy flux
divergence. Now the explicit numerical calculation shall be explained.
The procedure for the direct estimate is straight-forward. As mentioned in the description
of the datasets, the model-calculated field of vertically integrated energy flux divergences is
available with a six-hourly resolution, which is the minimum time resolution required to capture
the daily cycle. Thus, the monthly mean field 〈∇ · FA〉 is obtained by
〈∇.FA〉 =
∑N
dd=1(〈∇ · FA〉00UTCdd + 〈∇ · FA〉06UTCdd + 〈∇ · FA〉12UTCdd + 〈∇ · FA〉18UTCdd )
4×N , (3.29)
where N is the number of days of the month. With the fields of vertically integrated moist
static energy (MSE) and kinetic energy (KE), we can calculate the corrected direct estimate
following eq. 3.7 and get
〈∇ · FA〉∗ =
∑N
dd=1
∑
hh=0,6,12,18(〈∇ · FA〉hhdd )∗
4×N (3.30)
with
(〈∇ · FA〉hhdd )∗ = 〈∇ · FA〉hhdd + (
〈MSE〉hhdd
(panas )
hh
dd
+
〈KE〉hhdd
(panas )
hh
dd
)
(pfc+06hs − pana+6hs )hhdd
4t (3.31)
and 4t = 6h. Using ERA-Interim data, the last fraction on the rhs has to be replaced by the
forecasted mass flux divergence and analysed mass tendency as described in eq. 3.8.
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The calculations for the indirect estimation are more complex. As stated in eq. 3.9, the
field of vertically integrated energy flux divergences is computed as a residual from RadTOA,
FS and the vertically integrated local energy tendency. The vertical fluxes are directly available
as fields in the MARS-archive. We use 12-hour forecasts. These fields are accumulated over
all time integration steps and therefore do not feature any time sampling problem. The energy
tendency is calculated from the difference of the forecasted vertically integrated energy at t+12h
and the analysed one at t:
∂
∂t
〈e〉fc = 〈e〉
fc+12h − 〈e〉ana
4t , (3.32)
where ∂∂t〈e〉 is calculated as described in 2.18,
∂
∂t
〈e〉 = cp ∂
∂t
〈T 〉+ L ∂
∂t
〈q〉+ ∂
∂t
〈u2 + v2〉
2
+
∂
∂t
Φs. (3.33)
In our computations we neglect the surface geopotential Φs, because its tendency is very small
on monthly timescales and only noticeable over high terrain such as Antarctica, Greenland or
the Himalaya. The introduced error can exceed 1Wm−2 in these regions (Trenberth et al.,
2002a). The vertically integrated enthalpy and kinetic energy are computed from the fields of
temperature and wind speed.
The latent heat of vaporization (L) is parameterized as a function of temperature following
the descriptions in the IFS Documentation (ECMWF, 2007European Center for Medium-Range
Weather Forecasts (2007)) . We write the fraction of liquid water in the total condensate as
follows:
α = 0 T ≤ Tice,
α =
(
T − Tice
T0 − Tice
)2
Tice < T < T0, (3.34)
α = 1 T ≥ T0.
Below Tice all condensed vapour is ice, above T0 all condensate is liquid. Between Tice and
T0 both phases can exist, which is described by the parameter α. We set Tice = 250.16K
and T0 = 273.16K. With Lvap = 2.50 × 106Jkg−1and Lvap = 2.83 × 106Jkg−1, we write the
parameterized latent heat as
L = αLvap + (1− α)Lsubl. (3.35)
The vertical integral of a state quantity b(p) is discretized following Simmons and Burridge
(1981):
1
g
psˆ
0
bdp =
1
g
ηs(ps)ˆ
η0(p=0)
b
∂p
∂η
dη =
1
g
K∑
k=1
bk 4 pk (3.36)
28
3.7 Numerical calculation
with
η(ps) =
ps
ps
= 1,
the vertical coordinate η(p), the model level k (K=60 in our case), bk the state quantity b at
model level k, and the vertical extension of the model level 4pk, which is calculated using two
fixed coefficients in combination with the surface pressure. With these preparations we can
calculate the monthly average of 12-hour forecasts for the energy tendency, starting with the
analysed energy at 00UTC on the first day of the first month and ending with the forecasted
energy at 00UTC on the first day of the next month:
∂
∂t
〈e〉 = 1
2×N 4 t(
N∑
dd=1
(〈e〉fc(00+12h)dd︸ ︷︷ ︸
a
− 〈e〉ana(00)dd︸ ︷︷ ︸
b
+ 〈e〉fc(12+12h)dd︸ ︷︷ ︸
c
− 〈e〉ana(12)dd︸ ︷︷ ︸
d
)). (3.37)
In case of perfect forecasts, so that
〈e〉fc(hh+12h)dd = 〈e〉ana(hh+12h)dd ,
all terms in eq. 3.37 would cancel each other, except for term a on day N and term b on day 1.
So it would reduce to the analysed energy tendency of month ii
∂
∂t
〈e〉
ana
=
1
2×N 4 t(〈e〉
ana(00)
1︸ ︷︷ ︸
month ii+1
− 〈e〉ana(00)1︸ ︷︷ ︸
month ii
). (3.38)
The difference between the monthly average of energy tendencies and the analysed tendency
are the averaged analysis-increments and can be seen as a bias measure of the forecast model
(Chiodo, 2008). The monthly averaged vertical flux divergence is calculated by averaging the
12-hour forecasts:
−RadTOA +FS = 1
2×N 4 t(
N∑
dd=1
−Radfc(00+12h)TOA +F fc(00+12h)S −Radfc(12+12h)TOA +F fc(12+12h)S ).
(3.39)
The indirectly estimated energy flux divergence is then calculated following eq. 3.9:
〈∇ · FA〉 = − ∂
∂t
〈e〉+RadTOA − FS . (3.40)
The corrected energy flux divergence 〈∇ · FA〉∗ is obtained by correcting the storage as described
in eq. 3.12. The corrected storage is then simply inserted in eq. 3.40.
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4 Results
4.1 Basic climatological examinations
In the first part we discuss the four relevant terms for the full energy budget, RadTOA, Fs, the
storage rate and 〈∇ · FA〉, as well as the terms of the moisture budget and their average values
based on ERA-Interim data for the years 1989-2009. We will also consider the contribution of
their single components. Furthermore, the observed imbalances shall be outlined for a rough
error estimation. Subsection 4.1.8 discusses the results for the ocean.
4.1.1 Radiation at TOA
As described in chapter 1, the net radiation consists of in- and outgoing shortwave and outgoing
longwave radiation. The net radiation at TOA indicates if the climate system is in balance.
Fig. 4.1 shows the average net radiation at TOA for the period 1989-2009, calculated from the
12-hour forecasts of ERA-Interim. As expected, the distribution is strongly latitude-dependent
and is positive between approximately 35°N and 35°S in the zonal mean. Despite of this obvious
feature, there are some interesting variations in longitudinal direction. For instance, going from
West to East at approximately 20°N, we see values between +50Wm−2 over the Pacific region
and −25Wm−2 over the Sahara. On the one hand, these strong longitudinal variations come
from the different albedos of sea (4% for perpendicular radiation (Roedel, 2000)) and desert
(30%). On the other hand, the desert reaches very high temperatures and therefore radiates
strongly in the longwave spectrum according to the law of Stefan-Boltzmann, whereas the ocean
keeps relatively cool due to its high heat capacity. In addition, over oceans a lot of energy is
converted into latent heat and not radiated back immediately. Australia seems to be a similar
case as the Sahara. Another interesting feature is the longitudinal variation of the net radiation
at TOA over the oceans, for example when considering circle of latitude at 20°S. There we can
see relatively well balanced net radiation west of South America and west of Africa. The reason
is a higher average cloudiness and thus relatively high albedo in these regions (Raschke et al.,
2005). We see this cloud effect when considering the SW radiation at TOA alone, but not in
the LW radiation (not shown). This indicates that the clouds are at low elevations and hence
warm. The dynamical reason may be the influence of the cold ocean currents (Benguela and
Humboldt current), which lead to condensation and cloud development near the cool surface.
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Figure 4.1: Mean net radiation at TOA from ERA-Interim forecasts 1989-2009.
The highest radiation surplus (up to +91Wm−2) can be found over the Indian Ocean and
Western Pacific around the equator. As shortwave radiation at TOA has a weak local minimum,
but longwave radiation at TOA a relatively large local minimum in this region, we assume the
warming effect of radiative convergence due to high amounts of water vapour being stronger than
the reflecting effect of the higher albedo. So the important differences to the aforementioned
situation west of South America and Africa are the higher humidity, as well as higher and thus
colder cloud tops.
The average net radiation at TOA is −1.2Wm−2 for the ERA-Interim period. According to
Berrisford et al. (2009), the incoming solar radiation is overestimated by about 2 to 3Wm−2 in
ERA-Interim and ERA-40 due to a bug in the assimilating system. So an adjustment would
bring the TOA radiation even more out of balance, yet this value is still substantially better
than in ERA-40 (9.0Wm−2, adjusted) but far away from the estimate of Trenberth et al. (2009)
(0.9Wm−2). It is difficult to make any assumption about the distribution of the radiation errors
as the problems mainly arise from problems with modelling the influence of clouds, and these
are of course unequally distributed over the globe.
4.1.2 Surface fluxes
The surface fluxes consist of the radiative part (ASR and OLR) and a turbulent part (SH
and LH). The first noticeable feature of fig. 4.2 are the small values of Fs over land when
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Figure 4.2: Mean FS (positive downward) for the years 1989-2009 from ERA-Interim.
considering the global plot, which implies good satisfaction of vanishing surface fluxes over land
on longer timescales (see section 2.6). However, figure 4.3 reveals, that there actually exist quite
large surface fluxes over land (computed for 100% land fraction) with values of up to +20Wm−2
in the long-term average. We find strong positive surface fluxes (into the surface) of uniformly
over +5Wm−2 over large parts of Russia and Canada. These are regions with long periods
with snow coverage every year. The positive surface fluxes may represent problems with the
physics of snow. In contrast, tropical regions generally show negative fluxes (out of the surface)
with strongest fluxes over Southeast Asia and the South American tropical rainforests. Despite
these deficiencies, explicit calculation of Fs over land yields +0.5W/m2, when averaging over all
gridpoints with more than 50% land fraction and −0.1Wm−2 when only taking gridpoints with
100% land fraction into account. Thus, the surface fluxes over land seem to be modelled quite
well if averaged over the complete domain, but from fig. 4.3 we see that erroneous surface fluxes
can locally contribute substantially to the uncertainty of the indirectly estimated horizontal
energy flux divergence. .
Over the oceans the picture is of course different. We see large areas of negative surface fluxes
(out of the ocean) over the Northern Atlantic and the Northern Pacific (up to −50W/m2). As
we cannot see any anomaly in the radiative surface fluxes LW + SW (fig. 4.4), the turbulent
fluxes must lead to these strong energy fluxes into the atmosphere. When looking at the mean
sensible heat flux in fig. 4.5, we find the strongest over-ocean fluxes in the aforementioned
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Figure 4.3: Mean FS (positive downward) over land (100% land fraction) for the years 1989-2009
from ERA-Interim.
regions. We conclude that the warm Gulf Stream and Kuroshio lead to strong turbulent heat
fluxes over the ocean as they destabilize the atmosphere with their warm surface water. The
map of latent heat fluxes (fig. 4.6) shows similar structures in these regions, but only up to
approximately 45°N. So the amount of moist convection seems to diminish rapidly in higher
latitudes. Returning to the picture of the mean net radiation at BOA, we find, as in RadTOA a
mainly meridional variation. Negative anomalies of RadBOA (smaller net radiation values) can
be found in regions with anomalously high surface temperatures, which lead to strong longwave
radiation (Sahara), whereas positive anomalies (high net radiation) as over the Eastern Pacific
can be found in regions with relatively cool surface temperatures. The global mean radiative
energy gain at BOA is 106.9Wm−2, which should be mainly compensated (±1Wm−2) by the
global mean sensible and latent heat flux. The sum of global mean SH and LH fluxes (figs. 4.5
and 4.6) is 101.3Wm−2. This rather large difference shows the imbalance of the surface energy
budget.
Another eye-catching feature in fig. 4.2 are the regions of large positive values (up to
65Wm−2) over the tropical Atlantic and Pacific, as well as along the west coasts of North
America, South America and Africa. The west- to equatorward surface winds at these low lati-
tudes lead to a strong Ekman transport away from the coasts and from the equator (Peixoto and
Oort, 1992). For reasons of continuity, upwelling of cold water occurs, which leads to relatively
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Figure 4.4: Mean net radiation (LW+SW) at BOA (bottom of the atmosphere) from ERA-
Interim 1989-2009.
cold sea surface temperatures (SST). As a consequence, less water evaporates and hence the
latent heat flux shows a negative anomaly in these regions (fig. 4.6), which again leads to a net
negative Fs-anomaly. We see that the structures of Fs over the oceans are mainly governed by
the turbulent fluxes.
Considering the global average values of Fs, the consistency requirements of section 2.6 are
not satisfied. The global average value is +6.8Wm−2, and the ocean average +9.1Wm−2 (100%
threshold) and +9.4Wm−2 (50% threshold), respectively. These values are far too high, as
under the assumption that all energy gained from the radiative surplus at TOA was stored in
the ocean, the values still had to be under +1Wm−2 (Trenberth et al., 2009). This consideration
is also confirmed by model simulations (Hansen et al., 2005) and in-situ observations (Willis
et al., 2004) which both indicate surface fluxes near, but still under +1Wm−2.
Examining fig. 4.5, we see that the global average turbulent heat flux is negative (into the
atmosphere) with−17.5Wm−2 (Trenberth et al. (2009): −17Wm−2). The oceans show a mainly
uniform distribution of moderate SH fluxes around −15Wm−2 (apart from the aforementioned
regions over the Gulf Stream and Kuroshio with higher values) into the atmosphere. The
strongest sensible heat fluxes occur over the continents between 45°S and 45°N, where the
highest values reach up to −175Wm−2 over the deserts. The African and South American
rainforest show relatively weak SH fluxes into the atmosphere, as most of the incoming radiant
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Figure 4.5: Mean sensible heat flux (positive downward) for the years 1989-2009 from ERA-
Interim.
energy is converted into latent heat. Another interesting feature are the weak positive values
over the large ice areas in Greenland and Antarctica with around +15Wm−2. This means that
in average the atmosphere is cooled by the SH flux over these regions. The yearly averaged
latent heat flux shows a strong latitudinal dependence, with highest values of up to −225Wm−2
over the subtropic oceans, where strong evaporation happens due to clear skies and warm SSTs
in consequence of the sinking motion of the Hadley cell’s downward branch. We also clearly see
the dry regions of the Earth such as the Sahara or the Namib desert. Over land substantial LH
fluxes mainly appear over the tropical rainforests. The global average contribution of the latent
heat flux to the warming of the atmosphere is strong with −83.8Wm−2, and much stronger than
the sensible heat flux. The value of Trenberth et al. (2009) is a bit weaker with −80Wm−2. In
summary, it is difficult to say which part of Fs mostly contributes to the global imbalance, but
the examination of the hydrological cycle might give more insight into this.
4.1.3 The tendency term
The consistency requirements imposed on the tendency of the vertically integrated total energy
is somewhat stricter than those imposed on the other budget terms, as it has to vanish locally
on longer timescales and not only in the global average. Fig. 4.7 reveals that both requirements
are not fulfilled. The global average shows an energy loss of −7.0Wm−2. Taking an average
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Figure 4.6: Mean latent heat flux (positive downward) for the years 1989-2009 from ERA-
Interim.
total atmospheric energy content of 256.1 × 107Jm−2 (Peixoto and Oort, 1992), the tendency
would have lead to a total energy loss of 1.2% within one year. The local tendencies show an
even worse situation with values between −48.3Wm−2 and +24.6Wm−2, which are definitely
unrealistic.
The spatial distribution of the energy storage tendencies looks quite organised. Between
30°S and 60°S nearly uniform negative tendencies prevail. The region of the Gulf Stream and
Kuroshio also show negative tendencies. Compatible to the global average there are very few
regions with positive tendencies. Most of them are found between 30°N and 30°S. In spite of the
apparent structures, it is difficult to find a physical explanation for the spatial inhomogeneities.
At first sight, the field appears to have some similar structures with the field of Fs (fig. 4.2).
Their correlation is low with -0.29, but still larger than with the other so far discussed fields.
However, the global average values of Fs and 〈∂e∂t 〉 sum up to nearly zero, which suggests, that
the energy of the atmosphere is lost through too strong forecasted surface fluxes. It is possible
that the excessive surface fluxes are compensated by horizontal transports locally, which would
be an explanation for the weak spatial correlation of Fs and 〈∂e∂t 〉. Yet, on global scales it seems
as [Fs] is compensated by
[〈∂e∂t 〉]. Recapulatory, we state that the energy tendency suffers from
the largest global imbalance of all budget terms.
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Figure 4.7: Average of the forecasted energy tendency for the years 1989-2009 from ERA-Interim.
4.1.4 Energy flux divergence and fluxes
After discussion of the contributing terms, we come to the energy flux divergence 〈∇ · FA〉
itself. In this subsection, where basic climatological examinations shall be performed, we limit
ourselves to the corrected indirect estimate for the divergence and fluxes, as these seem to
be the most reasonable results. A comparison of the different calculation methods follows in
section 4.3. Examining the long-term mean presented in fig. 4.8, we start with the most obvious
features. We see strong energy flux convergence in the regions poleward from approximately
50° on both hemispheres, and mostly positive (divergent) values at lower latitudes. This fact is
caused by the latitudinal distribution of RadTOA (fig. 4.1). As the surface fluxes are quite weak
in high latitudes (fig. 4.2), the only compensation for the radiative imbalance at TOA is the
horizontal energy flux convergence. The influence of the Gulf Stream with the North Atlantic
Drift represents the largest negative surface flux anomaly in the higher latitudes, which leads
to divergent horizontal atmospheric energy fluxes beyond 60°N. On the Southern Hemisphere
we cannot find such a far-ranging divergent energy transport. Even stronger is the impact
of the Gulf Stream as well as the Kuroshio in lower latitudes between 25°N and 45°N, with
resulting values of up to +200Wm−2. In the tropical regions exist large longitudinal variations.
For instance, we see values between −25Wm−2 (Sahara) and +200Wm−2 (Kuroshio) at 25°N.
The effect of the cold ocean currents west of Africa and South America described in subsection
4.1.2 can also be seen in fig. 4.8 with negative values. Large regions of strong divergence are
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Figure 4.8: Mean vertically integrated energy flux divergences and divergent energy fluxes for
the years 1989-2009 from ERA-Interim.
the subtropical oceans, driven by heavy evaporation and therefore latent heat flux into the
atmosphere. Land areas show significant positive values only in a relatively small band around
the equator. In average, the continents show convergent and the oceans show divergent energy
fluxes, and hence a net ocean-to-land transport occurs.
Considering the divergent fluxes, we see very weak zonal flux in large parts of the world. This
demonstrates that the latitudinal variations of the vertical energy flux divergence are much
stronger than the zonal ones, which primarily leads to meridional divergent fluxes. The only
region with significant zonal divergent fluxes is found around the equator, mainly driven by the
large area of strong divergence between 60°E and 150°E.
The global average of 〈∇·FA〉 is −1.0Wm−2, hence this field satisfies the consistency require-
ments quite well. However, as the energy flux divergence is estimated indirectly, it contains the
uncertainties of all other fields. Their global average values fortunately sum up to nearly zero,
but the weak spatial correlation between energy tendency and surface fluxes implies that they do
not compensate locally. Thus, local errors of 〈∇ ·FA〉 are likely. Fig. 4.9 shows monthly means
of meridional energy fluxes averaged from 1989-2009. Strongest fluxes occur in December and
January on the Northern Hemisphere (up to 7.2PW ), and from May to August on the Southern
Hemisphere (−6.3PW ). The figure shows a stronger yearly cycle on the Northern Hemisphere
(under 2PW from May to June ) than on the Southern Hemisphere, where weakest transports
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Figure 4.9: 21-years averaged yearly cycle of meridional energy flux from corrected indirect
method (ERA-Interim).
occur from November to January between 3PW and 4PW . One cause might be the different
land/sea-distribution on both hemispheres. The land-partition is larger on the Northern Hemi-
sphere, which leads to more extreme seasons and consequently to stronger seasonal variations
of meridional energy transport. Another reason could be the strong decline of Arctic ice in
northern summer, whereas the Antarctic ice extension and the corresponding radiative cooling
is more constant (in relative values).
4.1.5 Hydrological fields
Analogous to the preceding subsections, we examine the hydrological cycle starting with the
vertical fluxes. They consist of evaporation and precipitation. According to sec. 2.6, in the
global mean the evaporation should balance the precipitation. From fig. 4.10, which shows the
so-called fresh water flux, we see that this is not the case. Precipitation outweighs evaporation
and leads to a net latent heat flux out of the atmosphere at 0.1Wm−2, which can be converted
into a precipitation amount of 0.1mm/month. In general, the net flux into the atmosphere is
strongest over the subtropical oceans and also the Mediterranean Sea. Precipitation dominates
around the equator matching the expectation of heavy rainfalls in the ITCZ. Mid-latitudes show
a weak precipitation surplus, with strong enhancement on the windward side of high topography,
such as the Canadian and Alaskan Rocky Mountains, the Chilean Andes as well as the Alps.
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Figure 4.10: Net vertical latent heat flux (positive downward) from ERA-Interim (1989-2009).
Polar regions are quite well balanced.
As we are acting on the assumption that the atmospheric water content can be considered
constant on longer timescales, the local and global tendency of q should vanish. So all deviations
from zero in fig. 4.11 appear to be unrealistic. Compared to the energy tendency (fig. 4.7), the
moisture tendency is less uniformly distributed. We can see a gain of moisture in Southern and
northern mid-latitudes (especially over the oceans) and relatively strong moisture loss over the
equator, with exception of the Eastern Pacific. This moisture loss implies excessive precipitation
rates in the ITCZ. The uncorrected moisture storage is slightly negative (−0.01Wm−2), whereas
the corrected storage shows a positive global average value (+0.02Wm−2 global net latent heat
gain). As the mass of an atmospheric column is the sum of the masses of dry air and the
contained moisture, we can estimate the contribution of the forecast error of the moisture
storage rate to the forecast error of surface pressure. Considering the ±2σ-values of the mean
moisture storage rate, we find by division by L and multiplication by g a partial pressure
tendency of about 7 × 10−5Pas−1. Comparing this to the ±2σ-values of the forecast error of
surface pressure tendency (fig. 3.1), we find the contribution of erroneous humidity forecasts to
be less than 10%.
We conclude with the examination of the moisture flux divergence and the corresponding
divergent latent energy fluxes. Fig. 4.12 shows that the moisture flux divergence (actually the
latent heat flux divergence) is dominated by the pattern of E − P . This is evident, as absolute
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Figure 4.11: Mean corrected vertically integrated atmospheric moisture tendency from ERA-
Interim 1989-2009.
values of the local moisture tendency (mostly between ±20Wm−2) are much smaller than those
of E − P (±130Wm−2) and in addition much less systematic distributed. So the condition of
vanishing moisture tendencies is fulfilled at least qualitatively. We find that all regions of strong
moisture flux divergence (locally up to +187Wm−2) are located over the subtropical oceans.
The causes are clear skies, high water and air temperatures, as well as quasi-infinite water supply.
Nowhere on the Earth exist better conditions for heavy evaporation. In contrast, the ITCZ is a
region of strong moisture flux convergence, as the high precipitation rates cannot be provided
by the local evaporation rates. The latent heat flux is directed poleward and equatorward from
the northern and southern subtropics. The equatorward fluxes depict the upward branches of
both Hadley cells. In the outer Tropics the divergences are much weaker in absolute values
and mostly negative. The resulting effect can be seen from the latent heat fluxes. The strong
poleward fluxes from the northern as well as from the southern Tropics decline quite slowly,
but continuously. Remarkable convergence in the outer Tropics exists in the storm tracks of
the southern mid-latitudes. Moisture flux convergence also occurs over high topography, as
described above. The global average moisture flux divergence is −0.1Wm−2, which nearly
satisfies the Gauss theorem, but as stated in subsection 4.1.4, the errors and imbalances of all
fields are summed up in the moisture flux divergence when calculated indirectly.
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Figure 4.12: Mean moisture flux divergence and divergent latent heat flux from ERA-Interim
for the years 1989-2009.
4.1.6 Dry energy fluxes and flux divergences
After examining the indirectly calculated total energy and latent heat budget, we can derive the
results for the dry energy by taking the difference between energy flux divergence and moisture
flux divergence:
〈∇ · FAdry〉 = 〈∇ · FA〉 − 〈∇ · (v2Lq)〉. (4.1)
The same is valid for the divergent dry energy fluxes:
〈FAdry〉 = 〈FA〉 − 〈FAmoist〉. (4.2)
It is important to note that FAdry , FA and FAmoist denote the purely divergent part of the par-
ticular fluxes. From fig. 4.13 we see that the main regions of dry energy flux divergence are the
regions of strong condensation, namely along the yearly mean ITCZ, the two major warm ocean
currents on the Northern Hemisphere and to a smaller extent the storm tracks of the southern
mid-latitudes. Analogous to the convergent regions of moisture flux over high topography (see
subsection 4.1.5), we find mountain ranges as regions of dry energy flux divergence (because of
regionally enhanced condensation). Major convergence regions are subtropical oceanic regions,
mainly over the Atlantic and Pacific. Going back to the picture of the latent heat flux (fig.
4.12), we recognize a completely inverse picture in the tropics. We conclude that the dry energy
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Figure 4.13: Indirectly estimated mean dry energy flux and divergences from ERA-Interim for
the years 1989-2009.
fluxes show the downward branch of the Hadley cell. So strong evaporation over the subtrop-
ical oceans converts large amounts of dry energy into latent heat, which is transported to the
equator, where it is released again due to heavy precipitation.
The zonal distribution of meridional dry energy transport is also very interesting. Between
135°W and 0°W we find hardly any poleward dry energy flux, even some weak equatorward
flux. Therefore, the transports between 45°E and 135°W are strong and account for nearly the
complete meridional energy flux in these regions (compare fig. 4.8). The picture is quite the
same on both hemispheres. Our conclusion is that the uniform zonal distribution of the total
energy flux is provided by zonally rather non-uniform dry and moist energy fluxes. The most
remarkable case is the Atlantic, which has nearly vanishing meridional dry energy transport in
the outer Tropics in the long-term mean.
Considering absolute amounts of divergences and fluxes, dry and moist energy feature the
more extreme values than total energy. Minimum and maximum values of dry and moist diver-
gences are nearly almost exactly the same with reversed signs (+1115.8Wm−2 and 179.6Wm−2
for dry energy, +187.3Wm−2 and −1116.5Wm−2 for latent heat). The inverse coincidence of
their locations leads us to the assumption that the Hadley cell absolutely dominates the energy
balance in the Tropics. In comparison with the partitioned energies, the extreme values of the
total energy flux divergences appear to be only a small residual of its two partitions (one order
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Figure 4.14: Mean partition of meridional moist (red) and dry (black) energy flux 1989-2009.
Total energy flux is blue.
of magnitude smaller). However, the magnitudes of the three different energy fluxes are much
more similar (around 4 × 108Jm−1s−1). So we conclude that the regions of divergence and
convergence of dry and moist energy are strong, but concentrated on smaller regions. Total
energy fluxes are driven by larger regions of divergence and convergence, which are therefore
more moderate in terms of absolute values.
4.1.7 The Partition between latent and dry energy flux
In subsections 4.12 and 4.13 we have seen that there occurs much compensation between latent
and dry energy flux, leading to a relatively moderate meridional total energy flux. Fig. 4.14
shows the zonally integrated fluxes averaged over one year. At first view, we see that the rather
sinusoidal shape of the total energy flux is achieved by heavily varying contributions of dry
and moist energy fluxes. The most impressive feature is the strong cancellation of the two flux
partitions in the Tropics. We see strong equatorward moist energy flux peaking at 15°N and
15°S, whereas the peaks of the dry energy flux are at the same latitudes, but with inverted signs.
We ascribe this shape to the upper (dry) and lower (moist) branch of the northern and southern
Hadley cell. The root of the latent heat flux denotes the mean position of the ITCZ. According
to the picture, the mean strength of the Hadley cells is not equal. The southern one produces a
peak transport of over +2PW of moist energy and under −4PW of dry energy flux, whereas the
peak values of the mean northern cell are smaller by about 35% (dry flux (corrected)) and 50%
45
4 Results
90N60N30NEQ30S60S90S
Latitude
-4
-2
0
2
4
6
8
En
er
gy
 fl
ux
 in
 P
W
latent total dry
Mean meridional dry energy flux EI ind c DJF 1989-2009
Figure 4.15: Seasonal (DJF) mean partition of meridional moist (red) and dry (black) energy
flux. Total energy flux is blue.
(moist flux). A reason for this differences might be the larger oceanic area south of the equator
than north of it. Consequently, there are more areas of heavy evaporation in the southern
subtropics, which leads to a stronger equatorward moisture flux and a reinforcement of the
southern Hadley cell. In the outer Tropics we find dry heat transport increasing again, which
may be a zonal mean result of condensation in mid-latitude cyclones and can be interpreted
as indication of the Ferrel cell. This feature is stronger in absolute values on the Southern
Hemisphere.
These results are in good quantitative agreement with the 1979-2001 mean results of Trenberth
and Stepaniak (2003a), who used NCEP-NCAR reanalysis data and ERBE satellite data for
their study. Interestingly, they find the equality of moist and dry energy flux slightly north of
the equator similar to fig. 4.14, but their total energy flux has its root several degrees southward
of the equator.
Considering means of the flux partition on seasonal timescales reveals that the picture of two
rather symmetric Hadley cells is only a result of time-averaging. Fig. 4.15 shows that in the
extreme seasons (in this case northern winter) only one, but very strong Hadley cell exists. It
transports huge amounts of moist energy (−5.2PW around 8°N) to the South, and dry energy
(8.7PW at 10°N) towards the North. Trenberth and Stepaniak (2003a) see a weaker DJF Hadley
cell. According to them, both partitions are more than 1PW weaker, but their sum (peak at over
6PW ) agrees well with our result. Northern outer Tropics also show relatively strong northward
transports (dry and moist energy flux in phase), which Trenberth and Stepaniak (2003b) ascribe
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to the stationary extratropical wave transports associated with the Aleutian low and Siberian
high pressure systems. On the Southern Hemisphere the poleward total energy transport is
smaller due to the reduced meridional temperature gradient and hence lower eddy-activity.
4.1.8 Results for the ocean and total energy transport
As the directly calculated surface fluxes exhibit a too large hemispheric imbalance leading to
unrealistically strong oceanic energy fluxes across the equator (see subsection 4.3.3), we calculate
the vertically integrated energy flux divergence in the oceans from eq. 3.16, which leads to
results being in much better agreement with the literature. As our method for calculating the
fluxes from flux divergences does not make allowance for implementation of horizontal boundary
conditions, which we would need for the description of coasts, it is not possible to present a
two-dimensional flux field. The distribution of oceanic energy flux divergence is, following the
assumption of globally uniform energy storage in the ocean (eq. 2.29) (Fasullo and Trenberth,
2007a), qualitatively equal to the surface fluxes presented in fig. 4.2 (we actually use eq. 3.16
for the calculation of Fs). From this figure we recognize the equatorial regions as main regions
of oceanic energy flux divergence. The cause is the relatively cold surface water, as previously
described. In combination with high air temperatures this leads to a strong energy flux into the
ocean and consequently to divergent energy fluxes. Relatively strong divergence is also found
in the Southern mid-latitudes. Main regions of oceanic energy flux convergence are the Gulf
Stream and Kuroshio. Fig. 4.16 shows the zonally integrated atmospheric, oceanic and the
total northward energy transport. The atmospheric transport is calculated by the corrected
indirect method and the oceanic energy flux is derived from divergences calculated by eq. 2.29,
thus also indirectly. Peak yearly mean atmospheric northward energy flux is 4.4PW , occurring
around 42°N. Southward atmospheric energy transport peaks around 41°S with −5.1W . Oceanic
transport is concentrated on latitudes between 35°N and 35°S, and peaks at 22°N with 1.6PW .
The strongest oceanic southward energy transport can be found at 15°S with −1.1PW . The
sum of both transports is the total energy conveyed by the Earth’s climate system. It peaks
at 5.2PW on the Northern Hemisphere (39°N) and at −5.3PW on the Southern Hemisphere
(35°S) and shows the same sine-form as the zonally integrated net incoming solar radiation
(not shown). The cross-equator flux is −0.6PW for the atmosphere and 0.3PW for the ocean,
combined −0.3PW .
Compared to the results of Fasullo and Trenberth (2007b), we see small differences in the
location of peak atmospheric transport. The southern peak value (−4.9PW ) is nearly the
same. Our northern peak value is 0.7PW lower than their result. The atmospheric peak
transports found by Zhang and Wossow (1997) (4.1PW and −4.9PW ) are very close to ours.
The transports given by Peixoto and Oort (1992) are much weaker (under 4.0PW on both
hemispheres). Our results for the atmosphere are definitely within the relatively wide bounds
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Figure 4.16: Mean meridional atmospheric (black), oceanic (blue) and total (red) energy trans-
port for the period 1989-2009.
for the maximum transports as specified by Wunsch (2005) (between 4.1 and 6.4PW on NH,
and −4.1 to −6.4PW on SH), who mainly used satellite radiation data (ERBE) and its error
estimates.
Our results for the ocean peak transports are quite similar to those of Fasullo and Trenberth
(2007b), but the locations differ by nearly 15° on both hemispheres. This might be a consequence
of our simplification of uniform oceanic heat storage. Wunsch (2005) gives an upper bound for
the oceanic energy transport on the order of ±2PW , estimated from average mass transport
by the meridional overturning circulation of the oceans and the mean meridional temperature
gradient of the surface water. So the deviation of our results from the much higher oceanic
peak values from Peixoto and Oort (1992) (over 3PW on the NH) should not be taken too
seriously. Our oceanic result lies within the standard deviation from the values specified by
Wunsch (2005).
4.2 Interannual variations
In order to investigate interannual variations of the energy budgets, we average the available
ERA-Interim data from 1989 to 2009 and consider the result as mean field of energy flux
divergences and divergent fluxes. We can calculate the standard deviation of the yearly mean
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Figure 4.17: Standard deviation of energy flux divergence from the corrected indirect method.
field by
σ〈∇·FA〉 =
√√√√ 1
21
2009∑
yy=1989
(〈∇ · FA〉yy − 〈∇ · FA〉)2, (4.3)
where 〈∇ · FA〉yy is the yearly mean divergence field of the year yy, and 〈∇ · FA〉 is the 21-
years average divergence field. Analogously, we calculate the yearly mean field and standard
deviation of moisture and dry flux divergence. Fig. 4.17 shows σ〈∇·FA〉 for the ERA-Interim
period using the corrected indirect calculation method. Continental regions show very low
interannual variability with a standard deviation ranging from 1Wm−2 to 5Wm−2. The oceans
show uniformly higher standard deviation values around 10Wm−2, and in some regions extreme
values of up to nearly 69Wm−2. Going back to fig. 4.2, we find that the highest interannual
variability of energy flux divergence occurs over regions of strong mean surface flux, such as
Kuroshio, Gulf Stream and the equatorial Pacific. We conclude that surface flux is the most
varying term of the energy budget equation (on annual timescales), which was also found by
Trenberth et al. (2002b). As the surface flux over land vanishes on yearly timescales, it is clear
that the lowest values of σ〈∇·FA〉 are occurring over the continents.
An interesting feature are the indicated strong variations over the Arctic Sea between Green-
land and Novaya Zemlya. These quite large region of standard deviations may stem from
interannual variations of the sea ice extent. Relatively high sea ice extent suppresses surface
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Figure 4.18: Standard deviation of yearly mean moisture flux divergence from the corrected
indirect method.
fluxes and so leads to anomalies of the horizontal energy flux divergence.
Fig. 4.18 shows a different structure. Most interannual variation of moisture flux diver-
gence occurs in the inner Tropics between 15°N and 15°S, where maximum values reach up to
nearly 320Wm−2, whereas going further poleward, the standard deviation is around 5Wm−2
to 10Wm−2. The small peaks in polar coastal regions are not found, which leads us to the
assumption that the main part of polar turbulent surface fluxes is the sensible heat flux. In
the outer Tropics substantial variance only exists over high topography such as the Canadian
west coast. Comparing this distribution to fig. 4.12, we conclude that the variation is highest
where generally high values of moisture flux divergence occur. A plot for the dry energy flux
divergence variations is not shown, as it is nearly identical to fig. 4.18. The largest region of
uniformly high standard deviation is the tropical Pacific from Indonesia to South America. This
strong interannual variation is a result of ENSO.
For investigation of the effects of an El Niño event on the global energy budget, we examine
the yearly mean deviation fields of 1998, when a strong event occurred. Fig. 4.19 impressively
shows the global field of energy flux divergence anomalies for the strong El Niño event in
1998. The most prominent feature is the huge area of positive divergence anomalies over the
Pacific eastward from 150°W. The highest values found there is around 52Wm−2, which is more
than one standard deviation. The reason for this positive anomaly are anomalously high sea
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Figure 4.19: Yearly mean energy flux divergence anomalies for the year 1998.
surface temperatures in this region (Peixoto and Oort, 1992). Trenberth et al. (2002b), who
investigated monthly anomalies, found similar positive anomalies in this region for January 1998.
Considering the corresponding fluxes, we see strong influence of the anomaly on the Western
Hemisphere with fluxes around 6 × 107Jm−1s−1, which means a strong increase of meridional
energy transport towards North America. Mainly North and South America are influenced
by stronger energy transport than usual. As the Walker circulation is inverted during an El
Niño event, the Western Pacific exhibits relatively low SSTs and consequently a negative energy
flux divergence anomaly. Results showing a weaker Gulf Stream are in good agreement with
Trenberth et al. (2002b). In general, we see very weak anomalies over Africa, Central Asia
and Europe. When looking the anomalous moisture flux divergence and latent heat fluxes for
the year 1998, we also see a strong El Niño signal. The pacific region north of the equator,
where usually the yearly mean ITCZ is located (see fig. 4.12), shows stronger moisture flux
divergence than normal by over 280Wm−2 locally and over 60Wm−2 from 130°E to 100°W. The
South Pacific convergence zone is also weaker than normal. In return we find a strong negative
moisture flux divergence anomaly along the equator from 90°E to the coast of Ecuador with
highest deviations around −410Wm−2, which is more than one standard deviation in this region.
This southward shift of the ITCZ was also found by Garreaud and Battisti (1999). Relatively
strong moisture flux convergence (wetter) is found at the coasts of Ecuador and Peru , whereas
Colombia has a stronger than normal moisture flux divergence (drier). These observations are
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Figure 4.20: Yearly mean moisture flux divergence anomalies for the year 1998.
in perfect agreement with Peixoto and Oort (1992). Trenberth and Caron (2000), who used the
NCEP reanalysis with data from 1958 to 1998, found a positive correlation between Southern
Oscillation Index (SOI) and precipitation northeast of Brazil and a negative correlation in the
South of Brazil and over Uruguay, which is also present in fig. 4.20. The bulk of anomalous
latent heat fluxes occurs over the equatorial pacific. North America is influenced by slightly
stronger latent heat transports. Anomalies of dry energy flux divergence (not shown) show a
picture nearly perfectly inverse to fig. 4.20, which is the reason why the structure of abnormal
moisture flux divergence over the Pacific is not found in the field of energy flux divergence
deviations, when comparing fig. 4.18 and 4.17.
4.3 Comparison of the different methods
In this section we want to compare the results of the different calculation methods we are using.
Therefore, we begin with the average energy flux divergences and resulting divergent fluxes on a
yearly mean basis. Comparing fig. 4.8 (indirectly corrected) and fig. 4.21 (directly corrected),
we find good large-scale agreement between both results. Energy flux divergence is dominating in
the Tropics (with the exception of cold ocean currents and deserts), and convergence dominates
in the outer Tropics. Kuroshio and Gulf Stream are well represented in both pictures. The
divergent energy fluxes are practically the same in direction and amount.
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Figure 4.21: Mean vertically integrated energy flux divergences and divergent energy fluxes from
the corrected direct estimation method or ERA-Interim 1989-2009.
The most noticeable difference between indirect and direct estimate is the extreme noisiness
in fig. 4.21, which is not existent in the indirectly estimated field. The strongest noise is
found over high topography such as the Rocky Mountains, Andes and Himalaya. Extremely
high (2128.0Wm−2) and low (−1256.2Wm−2) amounts of divergence lie closely together. The
extreme values found in these regions are nearly ten times larger than those found from the
indirect estimation. These extreme values are not physical, as RadTOA does not feature such
structures, and so consistency requirement 2.27 is not satisfied. According to Trenberth et al.
(2002a) this effect stems from numerical problems over high topography and problems with
the divergent transport of potential energy. For the direct estimation we are using six hourly
resolution, which is the minimum to resolve semi-diurnal atmospheric tides (Trenberth, 1991).
However, the extrapolation of an instantaneous field over six hours, which is what we are doing
in fact, leads to amplification of small-scale phenomena like gravity waves. This regionally leads
to such unrealistic values as seen from fig. 4.21. The noise can also be seen from the global RMS
values of the divergence fields (71.3Wm−2 to 51.4Wm−2). Considering the arrows depicting the
divergent energy fluxes, the noise seems to be filtered when averaging horizontally (one arrow
represents an average over 10°× 10°). When comparing the fields of moist and dry energy flux
divergences, the result is the same: noisy direct estimates, but by and large very good agreement
with the indirect estimate.
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4.3.1 The correction term
Under the assumption of an unbiased forecast model, we would expect that the correction of
the energy flux divergences vanishes on longer timescales. Fig. 4.22 reveals that this is not the
case. It shows the inverted picture as the yearly averaged surface pressure forecast error shown
in fig. 3.1. As mass is gained during the forecast (see sec. 3.1), mass has to be decreased by
the correction. This is equivalent to an increased mean mass flux divergence. According to eq.
3.12, the correcting energy flux divergence is
〈∇ · FA〉∗ − 〈∇ · FA〉 = 〈e(p)〉
fc
ps
∆(
∂ps
∂t
)fc. (4.4)
As the vertically integrated energy 〈e(p)〉fc and surface pressure ps are positive definite, at least
the sign cannot be changed, and as surface pressure and total column energy have relatively
(in comparison to their magnitude) weak horizontal gradients, the structure of the pressure
correction dominates fig. 4.22. The largest uniformly biased regions are Asia and the Indian
ocean, which receive an adjustment of rather uniform −20Wm−2. As a result, the corresponding
convergent correcting energy fluxes are dominating the Eastern Hemisphere, with magnitudes of
up to 8× 107Jm−1s−1. So the correcting fluxes regionally reach really substantial values, when
compared to the total energy flux. A correction towards stronger energy flux divergences can
be found over northwestern Brazil and mainly over oceanic regions between 30°N and 60°N as
well as between 30°S and 60°N with values of up to +20Wm−2. The global average correction
amounts to +0.2Wm−2. We conclude that very small errors of the pressure forecast lead to
relatively large errors of the energy flux divergence, as the total column energy is very high (on
the order of 2.6× 109Jm−2 (Peixoto and Oort, 1992)).
The correcting moisture flux divergence is calculated analogously to eq. 4.4:
〈∇ · Fmoist〉∗ − 〈∇ · Fmoist〉 = 〈q(p)〉
fc
ps
∆(
∂ps
∂t
)fc. (4.5)
From the globally averaged vertically integrated moisture content, which is about 24.3kgm−2
in ERA-Interim, we see that the latent heat content of the atmosphere is a relatively small
partition of the total atmospheric energy (about 2%). Consequently the pressure correction
leads to a weak adjustment of the latent heat storage rate between +0.5Wm−2 and −0.5Wm−2,
with local extreme values of about −2Wm−2 (not shown).
4.3.2 Meridional profiles of energy fluxes
Meridional profiles of zonally integrated energy fluxes are the core of many budget studies. In
this thesis we have a profile for each calculation method and try to find out, which one is the
most realistic. Fig. 4.23 shows uniform results poleward of 50° North and South, but at lower
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Figure 4.22: Mean correcting energy fluxes and divergences from ERA-Interim 1989-2009 (indi-
rect method).
latitudes the four estimates differ by up to 1PW . It also shows evidence of our assumption that
the noisiness of the direct estimate vanishes in the zonal mean. Qualitatively, the weak slope of
the uncorrected direct estimate (blue) around the equator looks more extreme than seen from
the other estimates and the two reference curves from Fasullo and Trenberth (2007b) (covering
2000-2004) and Zhang and Wossow (1997) (covering 1985-1989). The strong similarity of the
two corrected estimates is also remarkable. Table 4.1 shows the peak values of our estimates
and two results from other authors for comparison. Our corrected estimates show the best
peak value agreement with Fasullo and Trenberth (2007a) and Zhang and Wossow (1997) on
the Southern Hemisphere, whereas the uncorrected methods show stronger poleward transports.
On the Northern Hemisphere the peak values from FT07 and ZH97 differ by 1PW . All our
estimates are in between. The peak locations also show good agreement with the reference
datasets. From this comparison it is difficult to judge one method as the best, as the reference
values are ambiguous too.
4.3.3 Cross-equatorial fluxes
Earlier we noted the global imbalances of the terms appearing in the energy budget equation.
Consideration of hemispheric averages of the fields shows inequalities between the North and
South. According to the consistency requirements from section 2.6, hemispheric imbalances are
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Figure 4.23: Mean zonal integrals of meridional energy fluxes from the corrected (red) indirect
(green) and corrected (black) direct (blue) method for the ERA-Interim period
(1989-2009).
allowed for fields, which only have to be balanced globally such as the energy flux divergence
and radiation at TOA. However, fields such as the energy tendency have to vanish in the yearly
mean locally, and consequently on each hemisphere separately. We calculated the integrated
cross-equatorial flux (CEF) by taking the hemispheric average of each field and multiplying it
by half the Earth’s surface area (2.57× 108km2). CEF is the theoretical flux over the equator
induced by the hemispheric imbalance of the particular field.
The directly calculated energy flux divergence is the only divergence estimate with a global
mean equal zero. This is not surprising, as the forecast model satisfies the sentence of Gauss.
However, this field shows the largest hemispheric imbalances of all divergence estimates and
consequently the strongest CEF (−1.44PW ). Unfortunately, Fasullo and Trenberth (2007b) do
not give an exact amount of mean atmospheric CEF, but according to their figures it should
be slightly negative. Zhang and Wossow (1997) get a mean CEF of −0.6PW , Trenberth and
Solomon (1994) −0.1PW and Peixoto and Oort (1992) set it to zero. Compared to these values,
the flux resulting from the corrected indirect estimate (−0.59PW ) seems to show the most
realistic atmospheric CEF. The effect of the pressure correction is quite substantial. It reduces
the hemispheric asymmetry by 60%, and as a result the CEF by the same percentage. This
means that the correcting mass, and consequently the energy flux, is positive at the equator.
We can see this from the last two lines of table 4.2, which show that the correcting mass flux
divergence (〈∇·v〉ana−〈∇·v〉fc) leads to a northward mass flux of 80.96kgm−1s−1. The effect can
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peak [PW] lat peak [PW] lat
NH SH
ind c 4.4± 0.1 42 −5.1± 0.1 40
ind 4.2± 0.1 43 −5.7± 0.3 39
dir c 4.7± 0.1 41 −5.1± 0.1 40
dir 5.1± 0.1 41 −5.3± 0.1 40
FT07 5.1 41 -4.9 39
ZH97 4.1 42 -4.9 40
Table 4.1: Location and peak value of maximum meridional energy transport from our four
methods from ERA-Interim (with yearly standard deviations in brackets) for 1989-
2009 and results from Fasullo and Trenberth (2007a) and Zhang and Wossow (1997).
also be seen from fig. 4.22, which shows modest northward energy flux across the equator in the
Western Hemisphere and quite strong northward CEF flux in the Eastern Hemisphere. Direct
estimates also take advantage of pressure corrections. Hemispheric imbalances are reduced from
5.68Wm−2 to 2.33Wm−2, which strongly improves the CEF to −0.71PW .
The uncorrected energy tendency, which should not show any hemispheric imbalance, is more
negative on the Northern Hemisphere. This is a result of the net mass loss on the Northern
Hemisphere, which consequently leads to a stronger energy loss. After applying the pressure
correction, the energy tendency imbalance becomes even worse and changes its sign. The change
by 3.2Wm−2 can be comprehended by the following consideration: The forecasted mass flux
divergence, and thus mass loss, on the Northern Hemisphere can be converted to an energy
loss by computing ∂〈e〉∂t NH =
∂ps
∂t
〈e〉
ps
. Assuming the surface pressure ps = 1000hPa, the mean
total energy content of an atmospheric column 〈e〉 = 2.6× 109Jm−2 (Peixoto and Oort, 1992))
and inserting the correcting pressure tendency ∂ps∂t = 1.27 × 10−5Pas−1 (see table 4.2) yields
−3.3Wm−2, which is in nearly perfect agreement with our calculated change of the energy
storage rate. So the removed effect of erroneous cross-equatorial mass flux seems to reveal a
hemispheric energy tendency imbalance due to stronger surface fluxes on the Southern Hemi-
sphere.
Surface fluxes are too high in global average, whereas the Southern Hemisphere shows fluxes
of nearly 10Wm−2 into the surface. This imbalance is a consequence of problems with the
surface fluxes over the oceans. The higher sea partition in the South leads to stronger average
surface fluxes on that hemisphere and to a CEF of 0.75PW (this flux occurs in the ocean).
Qualitatively, this hemispheric imbalance is in accordance with the results by Zhang and Wossow
(1997), who calculated positive oceanic energy fluxes at the equator (which is a consequence of
hemispheric unbalanced Fs over oceans). However, the accuracy of these values is difficult to
verify. Radiation at TOA shows a small hemispheric imbalance resulting from a lower average
albedo on the mostly water-covered Southern Hemisphere, which is in good agreement with
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global NH-global SH-global CEF
〈∇ · FA〉ind -1.17 5.50 -5.50 -1.41
〈∇ · FA〉∗ind -0.99 2.33 -2.33 -0.59
〈∇ · FA〉dir 0.00 5.68 -5.68 -1.44
〈∇ · FA〉∗dir -0.19 2.76 -2.76 -0.71
〈∇ · FA〉ana -7.98 4.02 -4.02 -1.03
〈∂e∂t 〉fc -6.80 -1.49 1.49 0.38
〈∂e∂t 〉fc∗ -6.99 1.68 -1.68 -0.42
Fs 6.76 -2.95 2.95 0.75
RadTOA -1.21 1.07 -1.07 -0.27
〈∇ · FAmoi〉ind -0.12 -6.11 6.11 1.56
〈∇ · FAmoi〉∗ind -0.15 -6.09 6.09 1.56
L× (E − P ) 0.13 6.86 -6.86 -1.75
〈L∂q∂t 〉fc 0.00 -0.74 0.74 0.19
〈L∂q∂t 〉fc∗ 0.02 -0.76 0.76 0.20
〈∇ · v〉fc −9.83× 10−7 1.27× 10−5 −1.27× 10−5 -80.96
〈∇ · v〉ana −5.30× 10−10 −1.16× 10−8 1.16× 10−8 0.07
Table 4.2: Global average values and hemispheric deviations from the global average as well
as resulting cross-equatorial flux for different estimates of (corrected) energy flux
divergence, (corrected) energy tendency, surface flux, radiation at TOA, (corrected)
moisture flux divergence, fresh water flux, (corrected) latent heat tendency and mass
flux divergence. Units are Wm−2 for global, NH, SH and PW for CEF. Except
kgm−2s−1 and kgm−1s−1 for mass flux and divergence. Corrected terms are marked
with ∗.
Peixoto and Oort (1992) (hemispheric difference ≈ 1Wm2).
A balanced climate compensates hemispheric net radiation imbalances with a CEF, which in
total (atmospheric+oceanic CEF) has to be equal to the hemispherically integrated radiation
imbalance. Adding the CEF resulting from 〈∇ · FA〉∗ind and Fs, we get +0.16PW , which is
quite consistent with the TOA imbalance (the difference is equal to the CEF resulting from the
energy tendency imbalance). Inserting the corrected direct estimate leads to a CEF of 0.04PW ,
which is in even better agreement with the TOA imbalance. Using eq. 2.26 for the calculation
of Fs leads of course to perfect accordance with the TOA imbalance, as the sum of 〈∇ · FA〉∗ind
and Fs then simply reduces to RadTOA. This is the reason for using eq. 3.16 for inferring the
ocean fluxes in subsection 4.1.8.
The energy flux divergence calculated from analysed energy tendencies is far from zero in
the global and also further from zero in the hemispheric mean, leading to a strong CEF. So
mass consistency alone does not immediately lead to a more consistent result. As the forecasted
energy tendency and surface fluxes nearly have the same global mean, they compensate each
other and so do not effect the energy flux divergence too much in average. The use of analysed
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energy tendencies removes this compensation. This result shows that the methodical consistency
of only using forecast fields for all terms leads to the most consistent results.
Contrary to the mass flux, a CEF resulting from a hemispheric imbalance of the moisture flux
divergence is not an indicator of a model bias. It is a result of the upward branch of the southern
Hadley cell, which transports large amounts of latent heat over the equator, because the yearly
mean ITCZ is slightly north of the equator (the precipitated water is then transported back by
the ocean). So the freshwater flux consequently also has a hemispheric imbalance, which should
exactly compensate the imbalance of the moisture flux divergence. This is not the case, which
is shown by the hemispheric imbalance of the latent heat storage. There exists an atmospheric
latent heat loss on the Northern Hemisphere and a latent heat gain on the Southern Hemisphere,
which results in a positive CEF of latent heat of 0.2PW . Interestingly, the global average latent
heat storage rate is increased by the pressure correction (in contrast to the total energy storage
rate), although mass is reduced by the correction. Considering the vertically integrated moisture
content, we find a higher average value on the Northern Hemisphere by about 2kgm−2. This
hemispheric difference might lead to the result that the net mass increase on the Northern
Hemisphere in combination with the higher average specific humidity outweighs the net mass
decrease on the Southern Hemisphere and so in sum leads to the higher latent heat storage rate.
4.3.4 Results of direct integration
We calculated the meridional energy fluxes numerically, as described in 3.4.1, one time starting
from the South Pole with FA(−pi2 ) = 0, and one time starting from the North pole with FA(pi2 ) =
0. Fig. 4.24 shows the yearly mean meridional energy transport calculated by the direct
integration method and the result from the spherical harmonics-method, averaged over six
years. Starting from the North and South Pole leads to a flux of −0.5PW and +0.5PW on
the South and North Pole. This means that the global average energy flux divergence from
the corrected indirect method is around 1Wm−2 in this period. Compared to Carissimo et al.
(1985) or Peixoto and Oort (1992), this is an excellent result. The direct integration of the
uncorrected estimates show a slightly larger spread of the results (not shown). The directly
evaluated energy flux divergence is zero in global average and therefore the direct integration
results have zero spread. The corrected direct estimate has a very small global average (around
0.2Wm−2) and consequently negligible direct integration spread.
4.3.5 Satisfaction of the consistency requirements
Checking the results concerning their fulfillment of the consistency requirements presented in
section 2.6 may give some insight into the quality of the single methods. Table 4.3 shows the
results we get if we insert the results for 〈∇·FA〉 and 〈∇·qv2〉 from the four different calculation
methods into the reduced budget equations. Ana are the results from the indirect method using
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Figure 4.24: Six-years average of direct integrations of the energy flux divergence from the cor-
rected indirect method, starting from the North Pole (red) and South Pole (blue).
The result from the spherical harmonics-method is black.
averaged analysed 12-hourly energy flux divergences.
We evaluated eq. 2.27 for all domains because eq. 2.26 only evaluates the energy tendency,
which we instead put separately in the table. It has to be noted that in a balanced climate eq.
2.27 has to be satisfied globally as well as over land and over ocean separately. For the indirect
methods this consistency check has a slightly different meaning than for the direct methods.
Inserting eq. 3.9 into 〈∇ · FA〉, the balance equation becomes 〈∂e∂t 〉+ Fs, so it actually denotes
the balance between the energy tendency and the surface fluxes, whereas inserting the directly
calculated energy flux divergence does not lead to this reduced equation. However, compar-
ing the different methods, the indirectly calculated result is the closest to zero in the global
mean (−0.06Wm−2). The corrected results also show better satisfaction of the consistency
requirements over the single domains.
The results for RadTOA − 〈∇ · FA〉 when using the analysed tendency (penultimate column)
differ from the model-calculated surface fluxes only by the very small analysed energy tendencies
(presented in the lower part of the table). Using the analysed energy tendency brings the budget
out of balance wherever the model calculates strong average surface fluxes. This is the case over
the oceans. As already supposed in the separate description of Fs and 〈∂e∂t 〉, it seems as if there
was some connection between the strong energy loss seen in the forecasts and the strong surface
fluxes into the oceans. In general, the results are quite good in the global mean, but they
suppose large surface fluxes for the single domains themselves, which is not realistic.
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ind c ind dir c dir ana Fs mod
RadTOA − 〈∇ · FA〉 global -0.25 -0.06 -1.06 -1.25 6.81 6.81
RadTOA − 〈∇ · FA〉 ocean (50%) 2.07 3.47 1.71 4.27 9.35 9.35
RadTOA − 〈∇ · FA〉 ocean (100%) 1.79 3.29 1.90 3.98 9.11 9.11
RadTOA − 〈∇ · FA〉 land (50%) -5.98 -8.80 -7.92 -14.88 0.54 0.52
RadTOA − 〈∇ · FA〉 land (100%) -5.75 -8.24 -7.75 -12.77 -0.08 -0.11
〈∇ · qv2〉+ P + E global -0.01 -0.02 - -0.13 - -
〈∇ · qv2〉+ P + E ocean (50%) 0.31 0.31 - 1.07 - -
〈∇ · qv2〉+ P + E ocean (100%) 0.51 0.51 - 0.55 - -
〈∇ · qv2〉+ P + E land (50%) -0.80 -0.72 - -3.11 - -
〈∇ · qv2〉+ P + E land (100%) -0.15 0.02 - -4.38 - -
P + E global - - - - 0.13 -
〈∂e∂t 〉 global -7.06 -6.87 - - 0.00 -
〈∂e∂t 〉 ocean (50%) -7.29 -5.88 - - 0.00 -
〈∂e∂t 〉 ocean (100%) -7.31 -5.82 - - 0.00 -
〈∂e∂t 〉 land (50%) -6.51 -9.33 - - 0.01 -
〈∂e∂t 〉 land (100) -5.62 -8.12 - - 0.03 -
Table 4.3: Compliance of ERA-Interim estimates with the consistency requirements for the years
1989-2009. Percentages give the minimum sea/land coverage of a gridpoint to be
counted. Ind c, ind, dir c and dir denote the four calculation methods described in
sections 3.2 and 3.3. Ana is the same as ind but with analysed energy tendencies.
Fs mod is the surface flux directly from the reanalysis data averaged over the area
described in the left column. All values in Wm−2.
Considering the consistency requirements for the moisture budget, we can again insert the
equation for the indirectly estimated moisture flux divergence (eq. 3.14) into eq. 2.28 and
simply get 〈∂q∂t 〉. The direct estimate reduces to −(E + P ) on the global scale because the
directly calculated moisture flux divergence is zero in global average. The required closure of
the moisture budget seems to be fulfilled better by the indirectly estimated values, especially
over land.
Considering the balance of precipitation and evaporation for the ERA-Interim period, we find
that evaporation outweighs precipitation by 0.02mmd−1, resulting in a net latent heat flux into
the atmosphere of 0.6Wm−2. We will see later on that this value is very good when compared
to ERA-40.
The average forecasted energy tendencies are strongly negative over both domains. The
forecasting model tends to its own climate with a lower content of energy, as it permanently
loses energy at TOA and the surface. Remembering fig. 3.1 with the erroneous global average
pressure increase by 26hPa/year, it is a logical consequence that the correcting energy tendency
is negative, leading to an even stronger energy loss in the corrected energy tendencies. The
analysed tendency is zero, hence shows no signs of global change. From table 4.3 we see that it
61
4 Results
90N60N30NEQ30S60S90S
Latitude
-100
-50
0
50
100
150
W
m
-
2
FA LH+SH Rad residual
Local closure of the energy budget 1989-2009
Figure 4.25: Horizontal divergent transport (red), turbulent transport (SH+LH) (green), radia-
tive cooling (blue) and their sum (black) from ERA-Interim 1989-2009.
is important to indicate the threshold separating the two domains when presenting results for
the ocean or land only. Differences of up to 2Wm−2 can arise.
In summary, the indirect method fulfills the consistency requirements well on the global scale,
but not sufficiently over the separated ocean and land domain. However, it seems superior when
compared to the direct methods.
Yu et al. (1999) estimated the consistency of climate datasets using datasets considered to
be state of the art at this time such as ERBE satellite and ERA-15 reanalysis data. They
performed a budget calculation with a combination of these datasets and then calculated a
spurious source which is the residual when adding horizontal transport, turbulent transport and
radiative cooling (RadTOA−RadBOA). The residual should be zero according to our consistency
requirement of locally vanishing energy storage. We followed this approach and exclusively used
ERA-Interim data (corrected indirect estimate for the horizontal energy flux divergence). Fig.
4.25 shows that 5−15Wm−2 are needed in zonal average to close the energy budget. Compared
to Yu et al. (1999), this is a good result, as they found a global average residual of 23.5Wm−2
for their datasets.
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4.4 ERA-40 versus ERA-Interim
4.4.1 Long-term differences
To get an impression of the differences between the results from ERA-Interim and ERA-40, we
calculate the mean difference of energy flux divergences and fluxes (both calculated with the
corrected indirect method) in the overlapping period (1989-2000).
Fig. 4.26 shows the large differences between the two reanalyses when considering the energy
flux divergence. Tropical regions in ERA-Interim - with the exception of few regions over Africa
and the eastern Atlantic - show much higher energy flux divergence of uniformly over 30Wm−2
and up to 174Wm−2. This is contrasted by stronger energy flux convergence in ERA-Interim in
many extratropical regions such as North America and Asia around −10Wm−2 to −20Wm−2.
In sum, the global mean energy flux divergence in ERA-Interim is higher by 13.4Wm−2, which
shows the much better satisfaction of the consistency requirement of vanishing global mean
energy flux divergence in ERA-Interim. The combination of stronger divergence in the Tropics
and stronger convergence in the outer Tropics consequently leads to a stronger meridional energy
flux in ERA-Interim.
Fig. 4.27 shows the moisture flux divergence differences and clearly reveals the much stronger
Hadley circulation in ERA-40, which is a consequence of the too high tropical precipitation.
Considering the differences of net radiation at TOA (fig. 4.28), the main differences appear
over the tropical oceans where ERA-Interim gains more radiative energy than ERA-40 by more
than +10Wm−2 over large areas, but there also exist some regions where ERA-40 produces a
higher net radiation. This is the case over the Sahara (difference uniformly under −10Wm−2)
and cold ocean currents such as Benguela and Humboldt current. In polar regions ERA-Interim
loses slightly more radiative energy than ERA-40. Net radiation at TOA is higher in ERA-
Interim by 6.4Wm−2 globally, which leads to a substantially lower and hence closer to zero net
radiative energy loss.
Surface fluxes are worse balanced in ERA-Interim than in ERA-40 (fig. 4.29), featuring
stronger energy fluxes into the surface by 3.4Wm−2 globally. Especially along the ITCZ ERA-
Interim shows much stronger downward surface fluxes. The strong (likely erroneous) positive
surface fluxes over Russia and Canada as seen from ERA-Interim in fig. 4.3 are weaker in
ERA-40. However, the largest differences of surface fluxes can be found in the Tropics, where
most of the transformation from radiative to turbulent energy fluxes occurs. This shows that
problems with the balance of the surface fluxes arise from difficulties with the parameterization
of the turbulent fluxes.
Considering the differences of the storage rate (not shown), we find uniformly lower values
in ERA-Interim between 30°N and 30°S, leading to a global mean difference of −10.2Wm−2.
The reason are too high amounts of precipitation in the Tropics and hence excessive latent
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Figure 4.26: Time-averaged differences between ERA-Interim and ERA-40: energy flux
divergence.
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Figure 4.27: Time-averaged differences: moisture flux divergence.
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Figure 4.28: Time-averaged differences between ERA-Interim and ERA-40: net radiation at
TOA.
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Figure 4.29: Time-averaged differences between ERA-Interim and ERA-40: surface fluxes.
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Figure 4.30: Mean zonally integrated meridional energy transports from ERA-40 1989-2000.
heat release produced by ERA-40, as described in subsection 3.6.1, leading to positive energy
tendencies in global average.
4.4.2 Meridional energy flux
Comparing the meridional profiles of zonally integrated poleward energy transports inferred
from ERA-40 and ERA-Interim, we find large differences. Fig. 4.5 shows much less homoge-
neous results than fig. 4.23. The estimates for the hemispheric peak transports differ by more
than 2PW . The uncorrected direct method (blue) leads to the strongest calculated peak fluxes
with 5.6PW on the Northern Hemisphere and −5.8PW on the Southern Hemisphere, whereas
the corrected direct estimate shows the weakest peak fluxes. Especially on the Southern Hemi-
sphere the pressure correction leads to too weak meridional energy fluxes when compared to the
reference values in table 4.1.
The effect of the pressure correction on the total energy flux can be seen from fig. 4.31,
which shows strong correcting energy flux convergence around the equator and consequently
a reduction of the estimated poleward energy fluxes. By and large, pressure correction has a
much stronger impact in ERA-40 than in ERA-Interim. The extreme values of the correcting
energy flux divergence field are about twice as high in ERA-40 in comparison to ERA-Interim
(comparing fig. 4.31 to fig. 4.22) and show an even more uniform horizontal distribution which
is the reason for the stronger influence on the zonally integrated fluxes.
Considering fig. 4.32, we find strong latent heat loss in tropical regions, and relatively weak
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Figure 4.31: Yearly mean correcting energy fluxes and divergences for 1989-2000 from the ERA-
40 indirect estimate.
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Figure 4.32: Mean corrected moisture tendency from ERA-40 forecasts.
67
4 Results
latent heat gain in the outer Tropics. ERA-40 forecasts show a global average latent heat
(thus humidity) loss of nearly 19Wm−2. We can convert the negative long-term tropical latent
heat tendency in ERA-40 (−70Wm−2 over large regions) to an atmospheric mass loss of about
2.8×10−5kg−2s−1 in these regions. In order to investigate the contribution of erroneous humidity
forecasts to the surface pressure forecast error, we compare the zonally averaged values of both
terms (fig. 4.33). We can see that the maximum zonally averaged contribution of erroneous
moisture loss accounts for about 25% of the surface pressure forecast error in ERA-40. Thus,
less than 25% of the correcting energy flux are a direct consequence of moisture loss due to
excessive tropical precipitation. Nonetheless, another cause for the permanent pressure loss in
the Tropics seen in ERA-40 forecasts might stem from the too strong latent heat release which
reinforces the rising motion in the Hadley cell and thus deepens the equatorial trough of low
pressure. Analysis sets the surface pressure values back to the real state. This mechanism would
explain the negative pressure forecast bias and consequently too strong equatorward correcting
energy fluxes in ERA-40 quite well.
Fig. 4.33 also shows zonally averaged surface pressure forecast error and humidity tendencies
from ERA-Interim. Compared to ERA-40, pressure forecast errors are smaller by more than
50% in ERA-Interim. There still occurs humidity loss near the equator in ERA-Interim but by
far less than in ERA-40. The similar structure of pressure forecast errors south of 60°S possibly
stems from numerical problems with the steep slopes at the coast of Antarctica. Comparing
the red and blue curve in fig. 4.33 explains the structural difference between fig. 4.31 and 4.22:
Pressure forecast errors in ERA-Interim are dominated by the hemispheric mass imbalance,
whereas pressure forecast errors in ERA-40 mainly show the negative bias in the Tropics.
In terms of peak transports ERA-Interim results from all four methods are superior to the
ERA-40 results as they are substantially closer to the reference values from Zhang and Wossow
(1997) and Fasullo and Trenberth (2007b). Considering the influence of the pressure correction
on the cross-equatorial energy flux in fig. 4.30, we find a reduction and thus closer to zero (but
still larger than in ERA-Interim) CEF for the direct and indirect estimate. The variation of the
peak transports from year to year are larger than seen from ERA-Interim (table 4.1), but this
is likely to be a consequence of the shorter period investigated with ERA-40 data.
4.4.3 RMS-differences of the results
We have calculated the meridional energy fluxes with four methods from ERA-40 and ERA-
Interim. In order to get a feeling for the dependence of the different methods on the datasets,
we calculate time-averaged RMS-differences between the results from the two datasets. We
perform this only for the meridional fluxes and start with the time-averaged RMS-differences
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Figure 4.33: Zonally averaged surface pressure forecast error in comparison to the contribution
of erroneous moisture tendencies in ERA-40 and ERA-Interim 1989-2000.
peak [PW] lat peak [PW] lat
NH SH
ind c 3.3± 0.2 43°N −4.1± 0.3 42°S
ind 4.2± 0.3 42°N −5.4± 0.4 37°S
dir c 3.2± 0.6 31°N −3.6± 0.7 52°S
dir 5.6± 0.5 31°N −5.8± 1.3 23°S
Table 4.4: Location and peak value of maximum meridional energy transport from the (cor-
rected) direct and (corrected) indirect method from ERA-40 (1989-2000) with yearly
standard deviations in brackets.
at each gridpoint. Thus, we get for gridpoint ii
4FA(ii) =
√√√√ 1
dd
dd∑
day=1
(FAE40(ii)− FAEI (ii))2, (4.6)
where the overbar denotes the daily mean of the flux. We time-averaged over the overlapping
period of ERA-40 and ERA-Interim (1989-2000). Then we computed zonally integrated profiles
of the 4FA(ii) with eq. 3.28. The results are unambiguous. Both indirect methods are far
less dependent on the dataset than the direct methods. The large RMS-differences shown by
the blue and black curve may stem from the extreme values over high topography seen from
the directly estimated fields (up to ten times larger than the extreme values from the indirect
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Figure 4.34: Time-averaged (1989-2000) and zonally integrated RMS-difference fluxes from the
corrected (red) indirect (green) method and the corrected (blue) direct (black)
method.
methods). As these extreme values show sharp horizontal gradients, it is likely that they are not
identically located in ERA-40 and ERA-Interim which of course leads to large RMS-differences.
In the global mean, the RMS-differences of the corrected indirect estimates are about 16%
lower than their direct counterpart. Considering the time evolution of the yearly and globally
averaged differences (not shown), the advance of the pressure correction is obvious during the
whole analysed period, with rather weak interannual variations.
The results shown by fig. 4.34 do not necessarily lead to the conclusion that the indirect
method is the superior one. However, indirect estimates appear to be far less dependent on the
dataset.
4.4.4 Consistency of ERA-40 estimates
Table 4.5 shows the large differences between ERA-40 and ERA-Interim considering the consis-
tency requirements presented in sec. 2.6. Beginning with the directly calculated surface fluxes
Fs, we see more realistic results from ERA-40 over oceans and in global average. Comparing to
table 4.3, ERA-40 produces more than 3Wm−2 less of global mean energy flux into the surface
than ERA-Interim, which is clearly more realistic. This advantage is present over the oceans
(4.48Wm−2 compared to 7.22Wm−2) and over land (−1.85Wm−2 compared to −4.66Wm−2).
These values are put into perspective when considering the much better radiative balance at
TOA in ERA-Interim (−1.2Wm−2 compared to −7.5Wm−2) which outweighs the weaker per-
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ind c ind dir c dir Fs mod
RadTOA − 〈∇ · FA〉 global 7.82 7.90 -7.13 -7.68 3.72
RadTOA − 〈∇ · FA〉 ocean (50%) 9.68 8.32 -8.76 -13.14 4.48
RadTOA − 〈∇ · FA〉 ocean (100%) 9.39 7.93 -7.83 -12.44 4.33
RadTOA − 〈∇ · FA〉 land (50%) 3.26 6.86 -3.09 5.84 1.85
RadTOA − 〈∇ · FA〉 land (100%) 3.96 6.20 6.81 12.22 0.66
〈∇ · qv2〉+ P + E global -14.13 -14.06 - -13.25 -
〈∇ · qv2〉+ P + E ocean (50%) -18.98 -18.95 - -17.77 -
〈∇ · qv2〉+ P + E ocean (100%) -19.17 -19.14 - -18.07 -
〈∇ · qv2〉+ P + E land (50%) -2.10 -196 - -2.07 -
〈∇ · qv2〉+ P + E land (100%) -2.17 -1.97 - -3.42 -
P + E global - - - 13.24 -
〈∂e∂t 〉 global 4.10 4.17 - - -
〈∂e∂t 〉 ocean (50%) 3.83 5.19 - - -
〈∂e∂t 〉 ocean (100%) 5.06 3.60 - - -
〈∂e∂t 〉 land (50%) 1.40 5.01 - - -
〈∂e∂t 〉 land (100) 3.29 5.53 - - -
Table 4.5: Compliance of ERA-40 estimates with the consistency requirements averaged over
1989-2000. Percentages give the minimum sea/land coverage of a gridpoint to be
counted. Ind c, ind, dir c and dir denote the four calculation methods described in
sections 3.2 and 3.3. Fs mod denotes the surface flux directly from the reanalysis
data averaged over the area described in the left column. All values in Wm−2.
formance of ERA-Interim at the surface. The compensation of negative energy tendency and
positive surface fluxes seen from ERA-Interim cannot be found in ERA-40, where Fs and 〈∂e∂t 〉
both have the same (positive) sign. As a result, the indirectly estimated energy flux divergence
is far from zero in the global mean, with −15.38Wm−2 (uncorrected: −15.45Wm−2) averaged
from 1989 to 2000, whereas the ERA-Interim corrected estimate is much better balanced in
average (−0.99Wm−2 for 1989-2009). The consistency requirement of approximate cancella-
tion between RadTOA and 〈∇ · FA〉 when averaged over each domain is fulfilled by none of our
four calculation methods when using ERA-40 data. The differences between the directly and
indirectly calculated results amount to more than 20Wm−2 over the oceans, which is a much
larger spread than seen from the ERA-Interim results. The greatest deficiency of ERA-40 is,
as already stated, the unbalanced hydrological cycle. P + E shows too high amounts of pre-
cipitation, and consequently the indirectly inferred moisture tendency (〈∇ · qv2〉 + P + E) is
negative, most extremely over the oceans. Overall, we find a much better satisfaction of the
consistency requirements in ERA-Interim than in ERA-40. Especially the physical constraints
on the hydrological cycle are much better satisfied.
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4.5 ERA-Interim long-term study
One of the main goals of this thesis is to investigate the long-term evolution of the meridional
energy fluxes. As the assimilating model of ERA-Interim is not changed over the whole period,
we can exclude changes of the fluxes due to a model change. A change of the calculated
meridional transport over time is then either due to a change in the observing system or a
true climate signal (Chiodo, 2008). After considering the overall quality and differences of our
calculation methods, we now examine the time series of our results.
Fig. 4.35 shows the monthly and yearly anomalies of the northward total energy fluxes
at 40°N. Monthly anomalies (upper figure) show a noisy picture with strong month-to-month
anomaly variations. The strongest variations are found in the uncorrected direct estimate (more
than ±1PW ). It seems as if monthly anomalies still exhibit some weather-related noise. All four
curves show a quite similar monthly behavior, especially after 1993. Yearly anomalies (lower
figure) show a clearer picture. Qualitatively, yearly anomalies of the corrected direct estimate
show the weakest anomalies (maximum anomaly +0.1PW ), whereas all other estimates show
anomalies of more than doubled magnitude. In general, the four curves show some common
behavior, e.g. the local minimum values in 1991, 2000, 2002 and 2006 as well as the local
maximum values in 1992, 1996 or 2005. Nonetheless, there are years where the different results
show completely contrary anomalies, such as 1998 when the indirect estimates reach a maximum
and the direct estimates exhibit negative flux anomalies. We also find an obvious shift around
1994, where both indirect estimates change from negative to rather positive anomalies, and the
uncorrected direct estimate changes from positive to rather negative anomalies.
The upper plot in fig. 4.36 shows yearly anomalies of meridional energy flux at 40°S (positive
anomalies mean weaker poleward transport). The uncorrected indirect estimate displays the
strongest anomalies and also a shift from positive anomalies before 1996 to negative anomalies
after 2003. As the corrected indirect estimate does not show this behavior, we conclude that
these strong anomalies stem from spatial variations of pressure forecast errors. Comparing
the anomalies of the direct estimates, we also find less extreme anomalies from the corrected
estimate. As in the plot for 40°N, we find years with common behavior of the curves such as
1997 and 2000, but also years with contrary results, e.g. 2005 and 2006. Once again, anomalies
of the corrected estimates show a more homogeneous time evolution.
Adding anomalies at 40°N and 40°S (FA(40N) − FA(40S)) leads to the variations of energy
transport from the Tropics towards the Poles. The lower plot in fig. 4.36 shows two periods of
relatively strong poleward energy fluxes for both indirect estimates (1996-1998 and 2003-2008).
Both direct methods show contrary anomalies than the indirect methods in many years (e.g.
1990, 1998, 2005), especially in years with large anomalies (1990, 2005). Particularly the year
2006 is interesting. Indirectly estimated fluxes are in a phase of positive anomalies (2003-2008),
and directly estimated fluxes are in a phase of rather neutral to negative anomalies, but all
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Figure 4.35: Monthly (upper picture) and yearly (lower picture) anomalies of northward to-
tal energy fluxes at 40°N calculated by the corrected (red) indirect (green) and
corrected (black) direct (blue) method from ERA-Interim data.
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Figure 4.36: Yearly anomalies of meridional total energy flux at 40°S (upper picture) and yearly
anomalies of the sum of total energy flux at 40°S and 40°N (lower picture) from
ERA-Interim.
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Figure 4.37: Yearly anomalies of meridional total energy flux at the equator (upper picture)
from ERA-Interim and yearly anomalies of meridional energy flux at 40°N from
ERA-40 (lower picture).
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four curves show a distinct local minimum in 2006. As the anomalies of direct and indirect
estimates do not show much agreement during this period but all four estimates show this local
minimum, we conclude that this weakening of poleward transports in 2006 is triggered by some
other mechanism than the general behavior between 2003 and 2008. So there seem to exist
variations in some fields which only affect one calculation method, but also variations which
affect results from both methods (e.g. the local minimum in 2006).
The upper picture in fig. 4.37 shows yearly energy flux anomalies at the equator. The in-
creasing anomalies of the uncorrected directly estimated fluxes obviously show the improvement
of the hemispheric mass balance between 1989 and 2009. Interestingly, the uncorrected indirect
estimate does not show this behavior. As in all plots discussed before, the corrected estimates
show the most homogeneous time evolution. The El-Niño event in 1998 leads to positive CEF-
anomalies in the indirect estimates, which can easily be understood when considering fig. 4.19,
where the largest regions of positive divergence anomalies can be found south of the equator.
For comparison, we show flux anomalies at 40°N from ERA-40 in the lower plot in fig. 4.37.
The plot shows the superiority of both indirect calculation methods, as they show much smaller
anomalies than the direct results which show extreme values of more than ±1PW . Anomalies
larger than 1PW are clearly unrealistic, as a variation of the yearly mean poleward energy fluxes
by about 25% (see fig. 4.30) would necessarily lead to quite an unstable climate.
Zhang et al. (2007) investigated yearly anomalies of meridional energy transports using yearly
mean total TOA radiative flux from ISCCP-FD data. They found a strong signature of the El-
Niño events in 1991/1992 and 1997/1998. Their results show a dipole structure of negative
energy flux anomalies on the Northern Hemisphere and positive anomalies on the Southern
Hemisphere, thus a weakening of the meridional transports by up to 0.2PW on both hemispheres
during or slightly after these events. In between (1995/1996), Zhang et al. (2007) found an
inverse dipole structure, hence positive energy flux anomalies on the Northern Hemisphere.
Comparing these results with ours (lower plot in fig. 4.36), we find rather weak agreement. The
negative El-Niño-associated anomalies between 1991 and 1993 (minimum in 1992) can be found
in our indirectly estimated results, but not in the direct estimates. As already mentioned, the
effects of the 1997/98 event are completely inverse when comparing direct and indirect estimates.
The negative anomalies between 1998 and 2000 seen from the direct estimates are quite similar
to those shown by Zhang et al. (2007). In contrast, the indirect estimates exhibit very strong
positive flux anomalies especially in 1998, which can also be seen in fig. 4.19. In 1996 all four
results show at least a local maximum, which would agree well with Zhang et al. (2007). In order
to find the reason for this discrepancy, we analyse the time evolution of the fields contributing
to the energy budget. Therefore, we computed a monthly climatology for the zonally averaged
fields and computed the anomalies for each month. Under the assumption of a balanced climate,
we assume rather homogeneous patterns on the Hovmoeller plots. We begin our investigation
with the temporal variations of the net radiation at TOA (left plot in fig. 4.38). The picture
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is quite uniform, but in addition we find some shifts such as from rather negative radiation
anomalies in mid-latitudes before 1992 to more neutral anomalies as well as a transition to
negative net radiation anomalies in tropical regions from 1998 to 2001. Chiodo and Haimberger
(2010) ascribe the shift in 1992 to the availability of new SSM/I clear-sky radiances on DMSP-
10. Another striking feature are the strong net radiation anomalies during 1997/1998. As stated
above, such anomalies can stem either from a change in the observation system or a real climate
anomaly. According to Dee (2005), time series of the analysis increments can give information
about the cause for a shift, as their variations are likely to be associated with a change in
the observing system. Therefore, we calculated monthly anomalies of zonally averaged analysis
increments for the 12-hourly energy tendency (analysis − forecast) and found a strong shift
in 1992, a somewhat smoother transition towards positive anomalies from 1998 onward with
nearly non-stop positive anomalies in tropical regions between 2001 and 2007 and a shift back
to negative anomalies in 2007/2008. So we assume the shift in RadTOA in 1992 and the rather
negative tropical anomalies after 2001 as spurious. An exception might be the relatively strong
negative anomaly in 2002/2003 which cannot be found in the analysis increments. The pattern
of positive anomalies at the end of 1997 and negative anomalies during 1998 in the Tropics show
good agreement with the results of Wielicki et al. (2002), who used various satellite radiation
data such as from ERBE or CERES for investigation of tropical radiation anomalies. They
ascribe these anomalies to changed cloud-sky conditions in the Tropics during the strong El-
Niño event at this time. We can also find a negative radiation anomaly in 1992 which coincides
with the Mount Pinatubo eruption. This feature is also shown by Wielicki et al. (2002).
Considering the time series of surface flux anomalies in fig. 4.38 on the right, we can hardly
find the shift seen in RadTOA in 1992, but there seems to be a trend towards rather negative
anomalies from 2001 onward, and especially from 2007 onward, which coincides with the shift of
the analysis increments. During the El-Niño event in 1997/1998 we find strong negative surface
flux anomalies at the equator, which is a result of relatively warm surface water of the equatorial
Pacific due to reduced upwelling of cold water. This consequently leads to stronger turbulent
and longwave radiative flux out of the ocean. Comparing the magnitude of the anomalies of Fs
and RadTOA during this time, we find anomalies twice as high for the surface flux. Coincidental
with the negative RadTOA anomalies in 2002/2003, we also find negative surface flux anomalies.
The net result of the described anomalies in 1998 is a positive energy flux divergence anomaly
seen from both indirect methods during this El-Niño event, which can be seen from the plots
in fig. 4.40 and is in good agreement with the results of Trenberth and Stepaniak (2003a).
However, the energy tendency anomalies (fig. 4.39 on the left) show a weak shift towards more
negative anomalies at this time, which also enhances the effect on the energy flux divergence
anomaly. The positive horizontal divergence anomaly consequently leads to a positive anomaly
of poleward energy transport (fig. 4.36). This result is contrary to the results of Zhang et al.
(2007) who neglected variations of surface fluxes. Although our result is not above reproach, as
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the energy tendency anomalies show a probably spurious shift in 1998, we state that the isolated
consideration of TOA-radiation anomalies for the investigation of interannual variations of pole-
ward energy transport is not sufficient and possibly leads to wrong conclusions. The negative
anomalies of RadTOA and Fs in 2002/2003 lead to a relatively weak positive anomaly of en-
ergy flux divergence (indirect estimates), but with the argument of constant analysis increments
during this time we assume this variation as a true climate anomaly.
Comparing the anomalies of the different estimates for the horizontal energy flux divergence,
we find few differences between the corrected and uncorrected indirect estimates. The correc-
tion seems to have a smoothing effect, for example on the strong anomalies on the Southern
Hemisphere before 1992. Both indirect estimates show the shift in 1992, which can also be seen
from RadTOA and the analysis increments. The corrected direct estimate (fig. 4.41 on the left)
interestingly shows the weakest shift in 1992, which we already noticed from fig. 4.35 (right).
The uncorrected direct estimate (fig. 4.41 on the right) shows the most extreme values and
clearly displays three shifts in 1992, 1998 and 2006. It also exhibits noise, which is completely
removed by the pressure correction. The positive energy flux divergence in 1998 is also shown
by both direct estimates, but not as prominently as by the indirect estimates.
In order to present a plot similar to the one of Held and Soden (2006) (fig. 1.3), we calculated
a linear regression for the evolution of our four estimates of the yearly mean zonally integrated
energy fluxes during the 21 years considered in this study. Fig. 4.42 shows the strongest
change in meridional fluxes for the uncorrected direct estimate (black) with a peak increase of
nearly 2PW in the southern Tropics. Comparison of the yearly means of uncorrected directly
estimated cross-equatorial fluxes in 1989 and 2009 (not shown) shows a difference of 1.5PW . As
the corrected direct estimate does not exhibit such an extreme tendency, we conclude that the
problem of hemispheric mass imbalances seen from the forecast model strongly improves from
1989 to 2009. The corrected direct (blue) estimate shows quite weak tendencies in the outer
Tropics, but an increase of CEF by nearly 0.5PW . Considering the uncorrected indirect estimate
(green), we find a strong decrease of meridional energy transports in southern mid-latitudes
(thus stronger transports towards the South Pole), but nearly no changes on the Northern
Hemisphere. This development can also be seen from the Hovmoeller plot of the energy flux
divergences (fig. 4.40 on the right) showing rather negative anomalies between the equator and
30°S from 1989 to 1996 and then a shift to positive anomalies. The weakest tendencies are
shown by the corrected indirect estimate (red). The corrected indirectly estimated meridional
energy fluxes increase by about 0.2PW , which is already more than Held and Soden (2006)
found in their study considering 100 years. We have to conclude that even the relatively weak
trends in the corrected indirect estimate are too strong and very likely do not represent a real
climate signal. We also computed the trends from 1992 to 2009 to circumvent the influence of
the shift seen from the analysis increments in 1992, but the resulting picture is very similar.
We can also split the trend into a latent and a dry partition by performing a linear regression
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Figure 4.38: Hovmoeller plot of monthly anomalies of net radiation at TOA (left) and surface
flux (right) forecasts from ERA-Interim.
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Figure 4.39: Hovmoeller plot of monthly anomalies of corrected energy tendency forecasts (left)
and storage analysis increments (right) from ERA-Interim 12-hourly forecasts.
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Figure 4.40: Hovmoeller plot of monthly anomalies of energy flux divergence from the corrected
(left) indirect (right) method (ERA-Interim).
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Figure 4.41: Hovmoeller plot of monthly anomalies of energy flux divergence from the corrected
(left) direct (right) method (ERA-Interim).
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Figure 4.42: Change of yearly mean meridional total energy transport from 1989 to 2009 from
the (corrected) indirect and (corrected) direct estimate, calculated by a linear re-
gression of the 21 yearly mean meridional fluxes from ERA-Interim.
for the meridional latent heat flux too. We show the results for the corrected indirect estimate
in fig. 4.43. The compensation between the increase, and accordingly decrease, of dry energy
flux and latent heat flux in the Tropics could be interpreted as a decrease of the strength of both
Hadley cells by about 10% (compare values in fig. 4.14). This result is interesting, as Mitas and
Clement (2006) found a strong increase of the Hadley cell by up to 30% between 1979 and 2000
when using NCEP/NCAR and ERA-40 reanalysis data. They ascribed this spurious trend to
inhomogeneities in the radiosonde data showing a cooling and thus destabilizing trend in the
tropical upper troposphere. This strong trend does not exist in ERA-Interim data, which might
be a benefit from the homogenised radiosonde data and other developments such as variational
radiance bias correction used in this newer reanalysis (see subsection 3.6.2).
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Figure 4.43: Change of yearly mean meridional moist (blue), dry (black) and total (red) energy
transport from 1989 to 2009 from the corrected indirect method.
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Extensive diagnostics of vertically integrated energy budgets were carried out in this thesis.
Main data source was ERA-Interim, the most recent reanalysis product of the ECMWF, covering
the period from 1989 to 2009. Horizontal energy flux divergences were calculated by a direct
and an indirect method. Results from both methods were adjusted in order to obtain mass
consistency. Results from the direct method are noisy - especially over high topography - as
they suffer from a coarse time resolution (six-hourly) but large-scale climatological features
are reproduced well (see fig. 4.21). The indirect estimate of the energy flux divergence shows
a much smoother picture (fig. 4.8) as vertical fluxes are stored as accumulated fields in the
MARS-archive, which circumvents the time sampling problem.
In a second step, divergent energy fluxes, which already denote the net energy flux, were
obtained using spherical harmonics. Meridional profiles of the fluxes were compared to results
from the literature (mainly Zhang and Wossow (1997) and Fasullo and Trenberth (2007b)).
Adjusted and unadjusted fluxes are in very good agreement with these values. After adjustment
by the pressure correction, the meridional profiles of the directly and indirectly obtained fluxes
lie closer together (fig. 4.23). We conclude that the uncertainty of our estimates is reduced by
the correction. Zonal averaging also shows that the noisiness of the directly estimated divergence
field obviously does not affect spatially averaged fluxes too much. Considering cross-equatorial
energy fluxes, which should be quite low, as the difference of hemispheric albedos is small, we
found a strong improvement (hence reduction of the CEF) of direct and indirect estimates due
to the pressure correction.
In order to find sources of errors, all fields contributing to the indirect divergence estimate
were examined. Net radiation at TOA is quite well balanced (−1.2Wm−2 in global average,
fig. 4.1), but comparison with reference datasets such as CERES to assess the quality of the
ERA-Interim data is a remaining goal. Surface fluxes are modelled too strong (+6.8Wm−2 in
global average, fig. 4.2), especially over the oceans. As a consequence, the atmosphere loses
energy (−7.0Wm−2 in global average, fig. 4.7) mainly through the surface. Comparison with
the fields from ERA-40 clearly shows the improvements achieved with ERA-Interim. Especially
radiation at TOA and the hydrological cycle are much better balanced in the newer reanalysis.
We tested the results from the different calculation methods with several consistency require-
ments such as vanishing surface fluxes over land on longer timescales. Both adjusted results
(direct and indirect) show improvements compared to the unadjusted estimates and satisfy these
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requirements quite well. We also tried to use analysed energy tendencies for the indirect method
but this brings the energy budget out of balance. Thus, the methodically consistent approach
to use forecast fields for all terms of the budget equations is very important to achieve the
best results from the indirect method. As the corrected indirectly estimated divergences and
fluxes satisfy the consistency requirements better than the other results, exhibit the smallest
cross-equatorial energy fluxes and do not need any spatial filtering, we conclude that this is the
best of the four tested calculation methods for our budget diagnostics.
In the last part of this thesis we investigated the long-term behavior of the energy fluxes in
ERA-Interim between 1989 and 2009. Monthly anomalies were too noisy to give a clear picture.
So we considered yearly anomalies of the energy fluxes over certain circles of latitude (equator,
40°N, 40°S) and found significant interannual variations of more than ±0.2PW (more than
two standard deviations from the yearly averaged meridional peak transport). Indirect results
show positive anomalies of poleward energy transports for the El-Niño-year 1998. This result is
contrary to the conclusions of Zhang et al. (2007), who inferred yearly energy flux anomalies only
by considering satellite estimates of RadTOA. We found from our results that it is necessary to
consider anomalies of the surface flux too, as they also show significant interannual variations.
We conclude this under the assumption that anomalies of surface fluxes in ERA-Interim are
quite reliable despite their obvious deficiencies when considering global average values.
We tried to separate true climate signals from shifts arising from changes of the observation
system. Therefore we investigated the time evolution of analysis increments of the vertically
integrated atmospheric energy content. We found shifts in the evolution of the increments in
1992, 1998 and 2007. So homogeneity in time is still a remaining issue for future reanalysis
products.
Similarly to Held and Soden (2006), the change of meridional energy fluxes during the ERA-
Interim period was investigated. Even the most reliable estimate (the corrected indirect esti-
mate) shows a strong increase of poleward total energy transports on both hemispheres (fig.
4.42) by about 0.2PW within the considered 21 years. This increase is probably too strong as
Held and Soden (2006) found a comparable future increase (fig. 1.3) within 100 years (2000-
2100). The partitioned trends of meridional latent heat and dry energy transports (fig. 4.43)
show a weakening of the Hadley cell by about 10%. This change is probably also too large,
but it is nevertheless a sign of the improved hydrological cycle in ERA-Interim, as Mitas and
Clement (2006) found an increase of the strength of the Hadley cell by about 30% in ERA-40,
which is clearly unrealistic.
As a final conclusion, we can state that ERA-Interim is an excellent dataset for performing
budget diagnostics in order to get more insight into Earth’s climate system and to study inter-
annual variations of energy transports. However, finding evidence for effects of global climate
change with the described methods is still not possible, as homogeneity in time is a remaining
challenge.
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